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Portia. How far that little candle throws his beams ! 

So shines a good deed in a naughty world. 
NerissaA. When the moon shone, we did not see the candle. 
Portia. So doth the greater glory dim the less: . . . 


(Merchant of Venice, Act V., se. 1.) 
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PREFACE 


Nor infrequently during the past few years the author has been 
asked to recommend a book dealing with some branch of practical 
photometry. Although there are several good books on the subject 
in existence, notably Dr. Liebenthal’s wonderfully comprehensive 
“ Praktische Photometrie,” none of those which have appeared 
recently deals exclusively with photometry, but all treat it rather 
as an adjunct to the study of illumination. It follows that the 
descriptions of instruments and methods given in such books are 
necessarily brief, and the past fifteen years have been so fruitful in 
the development of this branch of technical physics that the present 
volume may not seem altogether superfluous. 

In illustration of what has been said concerning the recent pro- 
gress of photometry, it may be mentioned that nearly all the illumina- 
tion photometers so widely used to-day have been designed within 
the last fifteen years, while the study of physical methods of photo- 
metry, undoubtedly a branch of the subject which is destined in 
the near future to find many technical applications, has taken place 
almost entirely within that same period. 

Because it has always been a cherished belief of the author 
that the practice of a branch of applied science cannot properly be 
carried on without some grasp of the theory underlying it, no apology 
is offered for the insertion of the two chapters in which an attempt 
has been made to give briefly and in outline some account of our 
present knowledge of the nature of light and the physiological pheno- 
mena connected with the sensation of vision. 

At the same time, it is hoped that the general treatment will be 
found to be “ practical ” in the true sense of the word. As Professor 
Stine has said in the preface to his book “‘ Photometrical Measure- 
ments *” :— 

“To those who desire to follow the practice of photometry, and 
lack an adequate knowledge of general physics, this work may appear 
too scientific for a manual, and be too insistent on details which 
apparently have little significance. To such the writer would state 
that photometry is not a simple and well-defined subject. Bare 
directions will not suffice, but the practician must bring to the task 
a judgment trained for instrumental manipulation and an apprecia- 
tion of the many modifying influences that the results which he 
obtains may possess any value.” 

The author has endeavoured to describe, in such detail as the 
limitations of space permit, those instruments and methods which 
he has used at the National Physical Laboratory, those which he 
has seen used elsewhere, or those which his personal experience has 
led him to regard as of value in photometric work. ‘The description 
of obsolete or obsolescent apparatus has been reduced to a few lines, 
and in many cases it has been omitted altogether, only mention by 
name and a reference to the original description having been inserted 
for the sake of completeness. 
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It has been found necessary strictly to limit the scope of this 
book to a description of those matters, both theoretical and practical, 
which affect the measurement of light flux, candle-power, illumina- 
tion, e/c., and to exclude any treatment of the use to which such 
measurements may be put after they have been made. Thus, for 
example, in the sections dealing with illumination, only the methods 
of measuring that quantity have been described and no attempt has 
been made to outline the principles which should be followed in 
designing an installation to produce a given degree of illumination 
under certain specified conditions. Similarly, the effect of different 
factors (e.g., voltage, gas pressure, etc.) on the candle-power of light 
sources has been dealt with only to the small extent necessary to 
ensure that measurements of the candle-power of such sources may 
be free from errors due to lack of proper control of such factors. 
Again, no general discussion has been given of the effect of shades 
and reflectors on the distribution of light from a source. On the 
other hand, a description will be found in Chapter VII. of the 
methods of photometric measurement by means of which the effect 
of such appliances may be quantitatively determined in any given case. 

The principles governing the solution of such problems of practical 
application as those just mentioned belong properly to that branch 
of technics known as “ illuminating engineering,” and for a descrip- 
tion of these principles and the method of applying them, some book 
on ijiumination (e.g., one of those enumerated at the end of Chap- 
ter XII.) should be consulted. 

Since it is evidently impossible in the space of a single volume to 
give specialised treatment to any branch of the subject, an attempt 
has been made to provide as complete a bibliography as possible of 
the whole subject of photometry by means of numbered references to 
the original literature. These references are automatically classified 
by the position in which they occur in the book. That this biblio- 
graphy is really complete is more than the author may dare to hope, 
and he will be most grateful for information as to noteworthy 
omissions, as well as for corrections to the errors from which he may 
not presume to think he has escaped entirely. 

The principal journals dealing with gas and electrical engineering, 
illumination, physics and general science published in Great Britain, 
the United States of America, France, Germany and Italy have all 
been thoroughly searched from the first year of publication, and 
every paper included in the relevant sections of the International 
Catalogue of Scientific Literature published by the Royal Society 
has been referred to. Where a paper has been reprinted, either in 
full or in lengthy abstract, in journals other than that in which it 
originally appeared, references to those journals have been placed 
in the notes after the reference to the original paper. This has the 
disadvantage of extending the space devoted to the notes, but it 
is often useful where the only library readily available to the reader 
is a specialised one and the number of periodicals correspondingly 
limited. An abstract in a familiar language is, moreover, often of 
considerable value in giving an idea of the contents of a paper 
published in a less familiar tongue. 

The abstract journals such as Science Abstracts, the Beibldtter 
(Physikalische Berichte), Fortschritte d. Phys., Chem. Soc. J. (Abstract 
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Section), Chemical Abstracts, Chem. Centralblatt, Photographic Ab- 
stracts, Abs, Bull. of the Lastman-Kodak Research Laboratory, Ophthal: 
mic Year Book, Physiological Abstracts, etc., although they have often 
given the clue to many valuable papers, have not, in general, been 
referred to in the notes, 

With only six exceptions every reference given in the notes hag 
been actually consulted in order to verify its correctness. 

Tt will be noticed that throughout the book wave-numbers have 

been used in preference to wave-lengths. Although in current 
practice (except in the theory of radiation) the use of wave-lengths 
is more common, the fundamental character of the wave-number 
makes it desirable, in the author’s opinion, that a change should be 
made. To obviate any necessity for conversion from one system to 
the other, the values in the letterpress have been given in terms of 
both wave-length and wave-number, while the graphs have been 
arranged so that it is possible to use them with equal facility on 
either system. 
_ There remains, finally, the pleasant duty of thanking all those 
who have so kindly helped in what has proved to be a very congenial 
task. In particular the author would like to take this opportunity 
of thanking his colleagues in the Photometry Division of the National 
Physical Laboratory for the kindness with which they have always 
unhesitatingly placed at his disposal the results of their many years 
of practical experience in photometry. 

While the Patent Office, British Museum, Science Museum and 
National Physical Laboratory Libraries have furnished the means 
for consulting most of the literature of the subject, the author is also 
much indebted to the librarians of the Royal Society, the Royal 
Astronomical Society, the Chemical Society, the Natural History 
Museum, the Institution of Electrical Engineers, the Royal College 
of Surgeons, the Royal Society of Medicine, the Royal Photographic 
Society, University College, London, the London University Library 
and the Radcliffe Museum, Oxford, as well as to Dr. J. Kerr and 
Mr. L. Gaster, for much valuable assistance in obtaining access to 
original papers. The editor of the Journal des Usines a Gaz also 
kindly furnished the references to some early papers in that journal. 

For permission to reproduce Fig. 30 thanks are due to the 
Royal Society. Fig. 244 is reproduced by kind permission of 
Messrs. P. J. and J. M. Waldram, and the Illuminating Engineer- 
ing Society. 

Much of the usefulness of any book of this character depends 
upon the accuracy and clearness of the diagrams with which it is 
illustrated. It will therefore readily be understood what a debt of 
gratitude the author owes to Mr. Lewis for the immense amount of 
care which he has bestowed on the drawings which appear in the 
following pages. Thanks are also due to Mr. F. J. C. Brookes, of 
the National Physical Laboratory, for the trouble he has taken in 
making the photographs from which the plates have been prepared 
and to Miss D. Lipscombe for several drawings of Laboratory 
apparatus, notably Fig. 67 showing the photometer bench. 


JOHN W. T. WALSH. 


TEDDINGTON, 
St. Peter’s Day, 1925. 
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CHAPTER I 
HISTORICAL NOTE 


The First Photometers.—Almost exactly two centuries ago, in 
1729, Pierre Bouguer (1698-1758), Professor of Hydrography at 
Havre, laid the foundation of the science of photometry by his 
description, in an “‘ Essai d’optique sur la gradation de la lumiére”’ (1), 
of the earliest known form of apparatus designed for the comparison 
of the luminous intensities of two sources of light. The instrument 
he described is shown in Fig. 1, 


which is taken from the fuller « Light 
description contained in Light | | Source 
Bouguer’s “ Traité d’ optique sur \ Source | ' 
la gradation de la lumiére,” an Va 


published posthumously by the 
astronomer, the Abbé de la 
Caille, at Paris in 1760. 
In the same year, 1760, there Fia. 1—Bouguer’s Photometer. 

appeared at Augsburg the work 

of the versatile scientist and mathematician, Johann Heinrich Lam- 
bert (1728-1777), “‘ Photometria, sive de mensura et gradibus luminis 
colorum, et umbre”’ (2), which contained the enunciation of the 
fundamental laws of photometry, viz., the law of addition of illumina- 
tions, the inverse square law (already employed by Bouguer), the 
cosine law of illumination, the cosine law of emission, efc. Lambert 
also described a form of shadow photometer (#) which is identical 
in principle with that later used and perfected by Count Rumford, 
the great American savant, philanthropist and statesman, Sir 
Benjamin Thompson, who in 1792 
and 1793 wrote to Sir Joseph 
Banks letters in which he de- 
scribed *“‘ A Method of Measuring 
the comparative Intensities of 
the Light emitted by Luminous 
Bodies.” These papers were 
communicated to the Royal 
Society (4) and contained a very 
detailed account of the photo- 
meter shown in Fig. 2. It has 
been well pointed out by A. P. 
Trotter (°) that the ordinary text- 
book description of the Rumford photometer is most misleading. 


Instead of one circular rod, as generally shown, Rumford employed 
B 


| Translucent 
a 


Paper 


Fic. 2.—Rumford’s Photometer. 


P, i) 


2 PHOTOMETRY 


two, R, R, of the form shown on the right in Fig. 2. These were 
turned about their vertical axes until the shadows cast by the two 
lamps L, and L, were just in contact at the centre of the opaque 
paper screen B. This was viewed by an observer, E, situated 
between the tables carrying the lamps, and equality of brightness 
was obtained by moving the lamps by means of cords operated by 
handles at H,, H, (°). 

The marked distinction which is generally drawn between the 
photometer of Bouguer and that of Lambert or Rumford seems to 
lack justification. Both photometers, like those which have super- 
seded them, depend on the comparison of the brightness of the two 
parts of a surface which are respectively illuminated by the two 
sources to be compared. The dividing wall, W, of the Bouguer form 
may be regarded as equivalent to the shadow-forming object, R, of 
the Lambert form, since the function of both is to prevent the light 
given by one of the sources from reaching that part of the comparison 
surface which is illuminated by the other source. The chief difference 
lies in the use of transmitted or reflected light. Thus the Foucault 
photometer (7), which was used by Dumas and Regnault in their 
study of the lighting of Paris, has sometimes been referred to as a 
modification of the Lambert-Rumford form, whereas it would be 
described more correctly as a Bouguer instrument (Liebenthai 
“ Prakt. Phot.,” p. 161; Trotter, “ [lumination, etc.,” p. 80, efe.). 
It is remarkable that the instrument officially adopted in this 


Fira. 3.—The Gas Referees’ Photometer. 


country for gas testing until a few years ago was a simple modification 
of the original Bouguer photometer (8). Its general construction will 
be clear from Fig. 3. Sis a translucent surface and L,, L, the lamps 
to be compared. 

From Rumford’s time until the invention of the Ritchie wedge 
but little progress was made in the science of candle-power measure- 
ment. W. A. Lampadius in’ 1815 used an instrument in which ‘the 
criterion of intensity was the number of sheets of a semi-transparent 
material, such as horn, which had to be placed before the eye to 
cause the source to disappear (*). Such an instrument, which may 
be called an “‘ extinction photometer,’ had already been employed 
before Bouguer’s time by Francois Marie (1°), and although possess- 
ing little real claim to the title of photometer, it has repeatedly been 
revived in various forms (11), and is still in use for astronomical 
purposes where the ordinary methods of photometry are not always 
suitable (see p. 426). 

The Ritchie Wedge.—A distinct advance in photometry was 
made by William Ritchie, who, after many attempts to adapt the 


fig 
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_ differential thermometer to the comparison of light sources, devised 
the form of photometer head which is generally known by his 
name (!?). In its first form, shown in Fig. 4, 
this photometer was a modification of 
Bouguer’s. Two pieces of mirror, CF, FD, 
reflected the light from the sources to the 
translucent paper HG (!8)._ Ritchie, however, 
also used the same form of head without 
the translucent paper, pasting opaque matt 
white paper over the mirrors, and com- 
paring the brightness of these two surfaces ceed pe LN 
directly. The prism, CFD, which is generally ior epee ae 
known as the Ritchie “ wedge,” has formed 
the basis of many instruments, each designed, generally, with the 
object of producing as sharp and fine a division as possible between 
the surfaces, for this was early recognised as being an important 
feature in accurate photometry (!4). The forms of Ritchie wedge 
devised by Sir J. Conroy (1°), 8. P. Thompson and C. C. Starling (+), 
L. Weber (17), A. P. Trotter (18), and Q. Majorana (1%) are shown in 
Fig. 5, from which the particular features of each will be seen imme- 
diately. In Yvon’s form (2°) the sources are arranged so that the 
light is incident normally at both surfaces of the wedge. 
Polarisation Photometers.—The work of Malus and Arago in the 
first years of the nineteenth century on the laws governing the 
intensity of polarised light made possible a new form of photometer 


Fic. 5.—Different Forms of Photometer based on the Ritchie Wedge. (a) Conroy, 
(b) Thompson-Starling. (c) Trotter and Weber (Dachphotometer). (d) Yvon. 


which was independent of the inverse square law. The first polari- 

sation photometer was that of D. F. J. Arago (?'), in which he made 

use of double refraction prisms for both polariser and analyser. 

Later instruments of the same type were those of A. Beer (?*), 
B2 
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F. de la Provostaye and P. Desains (7%), F. Bernard (4), H. W. 
Dove (25), E. Becquerel (26), D. Salomons (?7) and the modern 
instrument of F. F. Martens (28). Reflection from glass (see p. 31) 
was used as the means of polarising the light from one or both sources 
by J. Jamin (2°), J. Babinet (3°), J. C. F. Zéllner (+), W. Crookes (*”), 
and H. Wild (33). The use of polarisation as a means for varying the 
intensity is very common in spectrophotometry, owing to the optical 
difficulties introduced by altering the distance between the photo- 
meter head and the source of light. 

The Bunsen Photometer.—In the design of instruments depending 
on the inverse square law, little progress was made after the work of 
Ritchie until 1843, when R. Bunsen first described the famous 
photometer head known by his name. This photometer was 
originally designed for use in an exhaustive investigation on the 
chemical action of light which Bunsen was then carrying out in 
collaboration with Sir H. E. Roscoe (#4). The Bunsen photometer, 
which is still frequently employed and which is, in fact, capable of 
exceedingly accurate work when carefully constructed and properly 
used, is fully described in Chapter VI. of this book. The chief 
modifications of it, the Joly block and the Lummer-Brodhun cube, 
are also described in detail in the same chapter. The latter was first 
used by W. Swan (3°) and described by him some thirty years before 
its introduction by Lummer and Brodhun. ‘These workers, however, 
are undoubtedly responsible for the use of the contrast principle 
which has enabled still greater accuracy to be obtained in modern 
photometry. 

Standards of Light ; The Candle.—The gradual improvement in 
the instruments available for photometric measurement naturally 
resulted in a growing dissatisfaction with the hitherto accepted 
standard of luminous intensity, the candle, for it was soon found 
that this standard was not reproducible to the accuracy of measure- 
ment even when the composition, form and rate of burning were 
carefully specified (3%). Although once officially adopted in several 
countries and by various testing bodies (°7), candles have now 
been entirely superseded as practical standards of light. For 
instance, the British Parliamentary candle, defined in the Metro- 
politan Gas Act of 1860, was discarded in favour of the pentane 
lamp by the Metropolitan Gas Referees in their Notification for 
1898. 

The Carcel Lamp.—The first standard to supersede the candle 
was, however, the Carcel lamp, a modification of the Argand ‘ee 
in which a clockwork pump was used to supply the wick with colza 
oil at a given rate (see Fig. 6), The standard luminous intensity was 
that given when the rate of oil consumption was 42 gm. per ‘hour, 
Small departures from this standard rate were allowed for by a 
simple proportional rule, the actual consumption being conveniently 
measured by using the lamp on a form of balance and noting the time 
in which it lost 10 gm. in weight. This lamp, devised by Carcel in 
1800 (°°), was used by Dumas and Regnault in their photometric 
work (#°) but the difficulties attending its use are very great, and 
different observers are unable to obtain results either consistent 
among themselves (*) or in agreement with one another to the same 
degree of accuracy as that attainable with other flame standards 


—— 


by 8. Elster (4), was developed by 
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The actual candle-power under the standard conditions has been 
variously estimated at from 9-4 to 10 international candles (2): 
Kerosene lamps in various forms have 


been proposed as standards or as sub- Chummney ee oes 
standards at different times (4%), but have oe 


never been found to be wholly satis- 
factory. 

A coal-gas flame of given dimen- 
sions was proposed by H. Giroud (44), 
but this was inferior as regards con- 
stancy to the light given by a specified 
area of the brightest part of a gas flame. 
This form of standard, originally pro- 
posed by W. W. Fiddes (4) and later 


Methven, who found that the brightness 
was constant when the flame was burn- 
ing under specified conditions in an 
Argand burner (47). After much experi- 
ment this standard also was found to 
be unsatisfactory (4%) and subsequent 
modifications did not improve it suffi- 
ciently to make it suitable for use as a 
standard of light (*°). 

The Pentane Lamp.—The only practi- 
cal flame standards are those in which a 
volatile hydrocarbon of definitely known 
chemical composition is burnt in a lamp 
of carefully specified dimensions. The 
first lamp of this kind was made in 1877 
by A. G. Vernon Harcourt (°°). It burnt 
a mixture of pentane vapour (C;H,,) and 
air from a wickless burner, and had a luminous intensity of one 
candle. After undergoing several modifications (°'), including forms 
in which a wick was used to convey liquid pentane into the burner 
tube, although the wick did not enter the flame or even approach 
the top of the tube (>*), the lamp was completely redesigned in a 
larger form so as to have a luminous intensity of ten candles (°%), 
and this, as has been said already, was adopted in 1898 as the official 
standard for gas testing in London. This lamp is described in 
Chapter V. Lamps burning pentane were devised also by W. J. 
Dibdin [ten candles] (*4) and by J. Simmance [two candles] (°°). 

The Hefner Lamp.—Other hydrocarbons that have been used 
are: (i.) benzol, either alone (°°) or mixed in definite proportions 
with ethyl ether (°’), or with ethyl alcohol (°*), (ii.) naphthalene (°°), 
(iii.) acetylene (°°), and (iv.) amyl acetate (C,H,,0,). The last- 
named fuel is used in the lamp which was first devised in 1884 by 
F. von Hefner Alteneck (*!), and which is still the official standard of 
candle-power in Germany having, in 1893, superseded (%) the 
Vereinskerze set up in 1868 by the Deutsche Verein von Gas- und 
Wasserfachmannern (*). It was also adopted as the custodian of the 
bougie décimale by the International Electrotechnical Congress at 
Geneva in 1896 (8). A description of the lamp is given in Chapter V. 


Fic. 6.—The Carcel Lamp. 
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Other Proposed Standards.—In spite of very careful specifications 
of constructional details and numerous elaborate determinations of 
the correction factors to be applied on account of atmospheric 
conditions, none of the flame standards has proved adequate to the 
needs of modern photometric practice. It has repeatedly been 
proposed to construct some form of standard depending upon the 
radiation given by a specified area of some surface at a given tem- 
perature. Several such standards are described in Chapter V. (°°), 
but while some of these show promise of leading eventually to the 
desired end, none can be said at present to be any more satisfactory 
than the flame standards. 

The same is true of the absolute physical standards which have 
been proposed, 7.e., standards defined as a given amount of energy 
in the form of radiation having a certain spectral distribution (®), 
for these cannot be of practical value until much more progress has 
been made in what may be termed broadly “ physical ’’ photometry. 

A standard which cannot well be classed with any of the others 
that have been proposed is that furnished by a definite area of a 
discharge tube containing helium gas (®’). The light given by such 
a tube has, however, a discontinuous spectrum, and this standard has 
therefore never been developed. 

The Electric Lamp as Standard.—The proposal to use an electric 
lamp as a standard has frequently been made (°°), but as it is not at 
present possible even to specify an electric lamp to the extreme 
accuracy required for a standard of light, much less to manufacture 
it, it is impossible to obtain a true standard in this way. 

It is, however, possible to base the unit on the known candle- 
powers of one or more individual lamps, and this is the position of 
the international candle at the present time, the International 
Commission on Illumination having, in 1921, adopted the unit based 
on comparisons of certain electric incandescent lamps in the chief 
national standardising laboratories of the world (°°). This unit will 
be dealt with further in Chapter V. 

Other Problems.—Side by side with the development of accurate 
means for measuring the candle-power of sources of light, and the 
search for a convenient standard reproducible at least to the accuracy 
of measurement, other cognate problems have had to be studied as 
they arose. The comparison of sources giving lights of different 
colours was, from the first, found to be an operation of special 
difficulty, and the means which have been adopted for overcoming 
this difficulty are described in Chapters VIII. and IX. of this book. 

The gradual improvement which has taken place in the methods 
of physical photometry, leading to the production of the “‘ instru- 
mentum thermometro analogus ” of Lambert, will be found briefly 
described in the chapter specially devoted to this branch of the 
subject, so that it need not be further mentioned here. 

The measurement of illumination, as distinct from the measure- 
ment of luminous intensity, is a branch of photometry of compara- 
tively recent growth. The first illumination photometer was 
constructed by Sir W. H. Preece in 1883 (7°), and since that time the 
instruments produced for this special class of measurement have 
been exceedingly numerous. The rapid development of the lighting 
art, and its transference from the domain of pure empiricism to that 
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_of scientific method, which has been a marco’ feature of the last 


decade of engineering progress, have tended to emphasise more and 
more the importance of this branch of photometric practice. 

The study of illumination (as distinct from the methods of 
producing it) and the rapid development of means for redistributing 
the light given by a source, have in the last few years brought about 
a radical change in the rating of illuminants. It is the total light 
output, rather than the candle-power in a single direction or group 
of directions, which is chiefly of interest to the illumination engineer, 
and the result has been a rapid development of methods of measuring 
luminous flux. The use of integrating photometers, generally of the 
Ulbricht sphere type, is now the rule rather than the exception in 
photometric laboratories, and Chapter VII. is therefore devoted to 
this branch of photometry. 

The Future.—Progress in the future lies mainly in two directions : 
(i.) the production of instruments and standards of greater precision 
for use in the laboratory where accurate measurement is called for, 
and (ii.) the simplification of photometric apparatus, particularly 
the portable photometer, without too much sacrifice of accuracy, 
so that the measurement of illumination may become as simple and 
as common an operation as the measurement of temperature or 
length, and require as little special training or technical experience. 
Considerable progress has already been made in the latter direction, 
but one of the principal difficulties, that of a convenient source of 
supply of electric current for the comparison lamp, is still unsolved. 
Both the alternatives at present available, vz., a lead accumulator 
or a dry cell with indicating instrument and rheostat are obviously 
unsatisfactory, but no attempt to use a self-luminous material 
as a comparison surface has met with any success up to the 
present (74). 

In precision photometry, unless some visual criterion still more 
sensitive than that of the contrast field can be discovered, progress 
must necessarily lie in the use of physical methods. Already these 
have been shown to be capable of detecting differences of illumination 
quite inappreciable to the human eye (*?), and it seems likely that 
the principal field of usefulness of the physical photometer, at any 
rate in the immediate future, will be as a detector of minute 
differences rather than as a measurer of integral illumination, thus 
playing a part analogous to that of the galvanometer in the measure- 
ment of electrical resistance. It must, further, be recognised that 
physical measurement can, strictly, be applied only to the comparison 
of lights of identical spectral composition. ‘The comparison of lights 
of different colours depends on the relative sensitivity of the eye to 
equal amounts of energy in different parts of the spectrum, and not 
only is there no known physical instrument which can conveniently 
be made to imitate the eye in this respect, but, which is still more 
embarrassing, the eyes of normal-sighted persons differ from one 
another quite appreciably in their colour sensitivity curve. It 
follows that heterochromatic comparisons must be based ultimately 
on a convention. This done, physical photometry may be called in 
to give, possibly, the same degree of accuracy as is attainable by its 
use in homochromatic comparisons. 

There is no definite limit which can be set to this accuracy, but 
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it has to be remembered that the precision of the other measurements 
involved must be correspondingly increased. Thus, for example, in 
order to attain a certainty of 1 part in 10,000 in measuring the 
candle-power of an electric lamp by means of a photometer based 
on the inverse square law, the voltage must be measurable to 1 part 
in 40,000, and the effective position of the light source must be known 
within 0-1 mm. if the lamp be at a distance of 2 metres from the 
photometer. It is probable, therefore, that progress in the direction 
of increased precision in photometric measurement will be slow. The 
accuracy at present attainable is ample for commercial purposes, but 
barely sufficient for scientific research. Experience in other branches 
of measurement (e.g., that of power, whether electrical or thermal) 
shows, however, that what is sufficient to-day may lag seriously 
behind even commercial requirements in ten or twenty years’ time. 
Progress, therefore, is essential. Increased precision must be 
attained so that, in all that concerns the production and utilisation 
of light, progress may not be hindered nor development retarded (*). 
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CHAPTER II 
RADIATION 


The Nature of Light.—Photometry is, as its name implies, the 
measurement of light, and it is clearly desirable that a book professing 
to deal with any branch of metrics should begin with a brief account 
of the nature of that which is to be measured. This chapter will 
therefore be devoted to a general description of the theories at present 
held regarding the nature and properties of radiation in general, and 
in particular that form of it, termed ‘‘ luminous radiation,’ which is 
capable of producing in the human eye the sensation of vision. It 
will also deal briefly with the principal phenomena accompanying 
the emission, propagation or reception of this radiation, especially 
those made use of in the various methods of photometry. 

Light, like radiant heat, Rontgen rays (X-rays), and the electro- 
magnetic waves used in wireless telegraphy, is a form of radiant 
energy ; that is to say it is that form of energy which is transmitted 
through space in straight lines, and without the intervention of 
matter, at a constant velocity of about 2-9986 x 101° cm. per sec. (*). 
This velocity, which is apparently one of those invariable funda- 
mental quantities which have been termed “ constants of nature,” 
will be referred to throughout this chapter as c. 

Until about twenty years ago it was thought that a complete 
explanation of the phenomena of radiation was to be found in the 
wave theory of light. It has now been shown, however, that this 
theory alone cannot satisfactorily account for all the facts, and an 
additional hypothesis has therefore been put forward. At present 
this hypothesis, termed the quantum theory, is in a more or less 
experimental stage as, while it affords a satisfactory explanation of 
some of the phenomena which could not be explained on the old 
theory, it does not appear to fit in with certain of the known facts 
for which the simple wave theory was perfectly adequate. Never- 
theless, its success in certain problems of radiation has been so 
striking that it must be considered briefly in a later portion of this 
chapter, though for historic reasons, as well as for the sake of con- 
venience, the wave theory in its original form will be considered first. 

The Wave Theory of Light.—About the year 1678 the Dutch 
philosopher Huyghens first propounded a theory of light in which it 
was supposed that a luminous body acted as a source of disturbance 
in a hypothetical all-pervading medium called the (luminiferous) 
ether. This disturbance was imagined to travel through the ether 
in the form of waves, which, on reaching the eye, produced the sensa- 
tion of vision. On this theory light waves travel in space with the 
velocity ¢ and carry energy from the body which produces them to 
that by which they are absorbed (?). 

The essential characteristic of a wave motion is that, by means 
of a periodic disturbance transmitted continuously from one portion 
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of a medium to the next portion in the line of propagation, energy is 
carried from one place to another without any motion of translation 
on the part of the medium or of any portion of it. The familiar 
example of a sheet of water, one end of which is agitated by a regular 
up-and-down movement of a piece of wood, will serve to illustrate 
these fundamental characteristics of a wave system. Ripples will 
be formed by the wood and will travel across the water with a certain 
velocity of propagation which is almost independent of the size of 
the ripples. That the actual particles of water have no motion, 
other than that of a simple vertical oscillation, is shown by the fact 
that a floating cork merely bobs up and down and is not carried along 
with the ripples. That energy is transmitted through the water by 
means of the ripples is shown by the fact that a piece of wood floating 
at the far end of the water will be caused to oscillate in synchronism 
with the movement of the wood causing the disturbance. 

Effect of Frequency and Amplitude of Waves.—In the last para- 
graph the general characteristics of a wave motion were described. 
It now remains to consider in what ways different kinds of waves 
may be distinguished one from another, and at once there are two 
prominent characteristics which claim attention. These are (a) the 
amplitude, or extent of the oscillation ; and (b) the frequency, or 
number of oscillations executed per second. With regard to the first, 
it is at once apparent that the energy conveyed by any given wave 
will depend on the amplitude of that wave, and it may be said at 
once that in the case of the ether waves the energy transmitted is 
proportional to the square of some vector which, in the absence of 
‘any definite knowledge of the method of propagation of energy 
waves in the ether, may be termed for convenience the amplitude of 
vibration. For, in the simplest example of oscillation, the case of a 
particle executing free vibrations in simple harmonic motion, 
x = a sin w(t—@) where x is the displacement, 27/o the period 
(periodic time), and a the amplitude. Hence the total energy, which 
is equal to the kinetic energy (4mxz?) when « = 0, is $mw?a*. 

With regard to the second characteristic, in the case of ether waves 
the frequency determines the kind of effect which they will have on 
our senses. In fact, the different kinds of radiant energy enumerated 
on p. 16 above are carried by ether waves which differ only in 
frequency. If f be the number of vibrations per second (*), then, 
when f is below about 101? per second the waves are quite incapable 
of affecting our senses at all. These are the waves used in wireless 
telegraphy. When f lies between about 101 and 4:5 x 10! the 
waves are capable of producing on our bodies the sensation of heat, 
but they cannot affect our eyes in such a way as to produce the 
sensation we call vision, though it is possible that the night vision of 
nocturnal beasts is due in part to the sensitivity of their eyes to waves 
for which f lies below the limit of sensitivity of the human eye. To 
waves for which f is above the limit of 4:0 « 1014 and does not exceed 
about 7-5 <x 1014 the human eye is variously sensitive (*), and the 
effect produced on it differs both in kind and degree according to the 
value of f. 

The variation in degree will be more fully considered in the next 
chapter, which deals with the behaviour of the eye as a receptor of 
luminous radiation. It is sufficient for our present purpose to say 
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that the eye is not equally sensitive to light waves of all frequencies ; 
in fact, the degree of its response to a given amount of radiant energy, 
even when this is conveyed by waves within the limits of frequency 
stated above, depends on the absolute frequency of the radiation or, 
what is the same thing, on the colour of the light. For the variation 
in the kind of effect produced on the eye by waves of different 
{frequencies gives rise to the sensation which we term “ colour. 

Waves for which f = 5 x 104 give the sensation of red, those of 
rather higher frequency form what appears to us as yellow light, and 
so on through green and blue to violet, which is the sensation produced 
by light waves of the highest frequencies which the eye is capable of 
appreciating at all. Waves of still higher frequency (the ultra- 
violet) cannot affect the eye in such a way as to give the sensation 
of light though they may affect it profoundly in other ways. These 
waves are, however, capable of producing chemical changes in a 
photographic emulsion and are termed “actinic.” Waves of still 
higher frequency, from 3 x 10!” to 2 x 101%, are produced by special 
means, and are the Réntgen or X-rays which, on account of their 
power of penetrating the less dense forms of matter, are used for 
photographing, on plates specially sensitive to waves of this frequency, 
the forms of denser objects concealed within a medium which, 
although less dense, is nevertheless opaque to luminous radiation. 

Wave-Length and Wave Number.—It has long been customary 
to express the periodicity of radiation in terms of “ wave-length ” 
(A) rather than “frequency ” (f). The former quantity is the distance 
(in the line of propagation of the radiation) which separates consecu- 
tive points undergoing the same “ displacement ” (°). For example, 
in the case of ripples on water it is the distance between consecutive 
points having the same absolute displacement and the same direction 
of motion, such as 4 
and 6 (Fig. 7). From 
this definition it follows 
that for light ir vacuo 
Af = c. Since, as will 
be seen later, the ve- 
locity of light varies 
Wave Lengthtk—————* according to the me- 

Fic. 7.—Diagram of Wave-motion. dium through which it 

is propagated, and since 

the frequency of vibration cannot alter, 4 must depend on the 

medium. It follows that the frequency is more fundamentally 

characteristic of a particular kind of radiation than is its wave- 

length and it will therefore be used generally throughout this 
book. 

It so happens that the characteristic of light which can be 
measured most conveniently and accurately is its wave-length, and, 
in fact, the accuracy of this measurement (°) far surpasses that of the 
velocity of light which is known to an accuracy of only about 1 part 
in 10,000, Hence the use of values of frequency calculated from the 
relation f = ¢/A has very little advantage over the use of the simple 
reciprocal of A. This reciprocal is termed the wave-number ». 
It is directly proportional to the frequency and can therefore be used 
in what follows exactly as frequency would be used. It is, moreover, 
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independent of any change which may be brought about by a more 
accurate determination of c. 

Applications of the Wave Theory: The Inverse Square Law and 
Cosine Law.—From the outline of the theory given above its agree- 
ment with the principal observed facts concerning radiation is readily 
demonstrated. For instance, the two fundamental laws of photo- 
metry, the inverse square law and the cosine law, follow at once if a 
luminous point be considered as the source of a system of spherical 
waves diverging from it as centre. For the area of any such wave 
as it travels outwards from the source must increase as the square 
of its radius, and since its energy must be regarded as uniformly | 
distributed over its surface, the surface density of this energy must 
vary inversely as the square of the radius of the wave, that is, of 
the distance from the source. Similarly, since the direction of 
motion is always perpendicular to the wave front, it follows that an 
elementary area can only receive energy in proportion to its area 
projected in that direction 
(Fig. 8); that is, the surface 
density of the energy received 
by any such area is proportional 
to cos @ where @ is the angle 
between the normal to the sur- 
face and the direction of propa- 
gation of the incident wave. 

Refiection and Refraction on 
the Wave Theory. — The well- 
known laws of reflection and Fic. 8.—The Cosine Law of Irradiation 
refraction are also in agreement or Illumination. 
with the wave theory. For 
(Fig. 9) let AA’ be the trace of the surface of separation of two 
media, and AB the trace of a plane wave surface incident at it. 
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Fig. 9.—The Laws of Reflection and Refraction. 
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(This may, for convenience, be regarded as a portion of a spherical 
wave emanating from a very distant source.) Let it be supposed 
that the plane of the paper is perpendicular to both these surfaces. 
Then each successive portion of the separation surface 4A’, as soon 
as the incident wave surface reaches it, is assumed to become the 
origin of two new waves, one in the upper medium (the reflected 
wave) and the other in the lower medium (the refracted wave) (*). 
If BA’ be drawn perpendicular to 4B, BA’ is the direction of propa- 
gation of the incident wave, and if AB’ and A’B’ be drawn equal 
respectively to A’B and AB, then it is clear that when the reflected 
wave originating at A has just reached B’ along the path AB’, the 
original wave from B will just have reached A’. Similarly, the time 
taken from any point C on AB to a corresponding point C’ on A’B’ 
will be found to be the same. Hence A’B’ must be the trace of the 
reflected wave surface at the instant the original wave reaches the 
point A’. 

This new wave surface is the plane envelope of spheres having 
their centres at A, A’ and all intermediate points, and their radii 
equal to the distances of these points from the line A’B’. It will, 
therefore, be perpendicular to the plane of the paper. Hence it 
follows that the incident and reflected rays (perpendiculars to the 
wave fronts) are in the same plane with each other and with the 
normal to the surface of separation, and further, that they make 
equal angles with this normal on opposite sides of it. 

Now let a point B” be taken below AA’, such that (1.) AB’ = 
BA'/n, and (i.) A’B” is perpendicular to AB”. Then, if it be 
supposed that the velocity of propagation of the wave in the lower 
medium is 4/n times that in the upper medium, it follows, as in the 
last paragraph, that A’b” is the trace of the refracted wave surface 
at the instant the wave reaches A‘. Again it follows that the 
incident and refracted rays are in the same plane with each other and 
with the normal to the surface, and that in this case the sines of 
the angles made with this normal are in the ratio of » to 1 or, if 
a and r be the angles of incidence and refraction, sin 7/sinr = n. 

An important case arises when light passes from an optically 
denser to a rarer medium so that n <1. If, in this case, i be greater 
than sin-n the equation of refraction gives 7 an impossible value. 
The light, in fact, does not emerge at all, but is reflected at the 
bounding surface according to the ordinary law of reflection. This 
phenomenon is known as “ total reflection’? and is much used in 
optical instruments. or instance, in the constant deviation prism 
shown in Fig. 14 (p. 24) the light at B is totally reflected at the 
glass-air surface because 7 = 45°, whereas n for glass to air is 0°67, 
so that sin-1n = 42°. 

It will be noticed that a new property has now been ascribed to 
the mechanism of wave propagation, viz., that the velocity of 
propagation is inversely proportional to the refractive index of the 
medium, as measured by the deviation suffered by a ray of light on 
entering that medium. This assumption has been fully verified by 
direct experiment (8) and so forms one of the great triumphs of the 
wave theory of radiation. : 

Lenses and Prisms.—The deviation suffered by light on passing 
from one medium to another is one of the most important of optical 
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phenomena forming, as it does, the basis of the action of all lenses 
and prisms. Let ABC (Fig. 10) represent a right section through a 


Fic. 10.—The Passage of Light through a Prism. 


triangular glass prism, and let MN represent the front of a plane 
wave perpendicular to the paper and travelling in the direction NO. 
By the previous paragraph the position of the wave front inside the 
glass will be parallel to PO where NO = n MP. On emergence into 
air again the reverse action takes place and the final wave front is 
parallel to M’N’ where O’N’ = n P’M’. The angle through which 
the wave front has been turned by the action of the prism, 7.e., the 
*‘ deviation,’ is 6. It is clearly equal toz + 7’ — A, where A is the 
“refracting ’’ angle of the prism, and 7, 2’ represent respectively 
NMO and N’M’'O’ the angles of incidence and emergence of the light. 
Since sin 1 = n sin POM, and sin 1’ = n sin P’O'M"’,7 while 


POM + P'O'M =A 


ae aye 
: . sin @ sin 7 
(aces Ste + sin-} (— = A 

n n 
it follows that 5 can be found when either 7 or 7’ is known. Tor the 
special case 7 = 7’, 5 is a minimum, and is equal to 27 — A, where 


: sin 7 : see SA 
2 sin-! Gea =A, 1.¢., sini =” sin =, so that 
/ bod 


O) ="2-ain—! @ sin 5) = eA: 
Tt will be clear that an object seen through a prism will appear 
to be shifted from its real position and will seem to lie on the back- 
ward continuation of the emergent ray. It follows that if an object 


be seen through a prism of the type shown in Fig. 11 it will appear 
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to be doubled, for to an eye at E it will seem as if the object lay on 
the backward continuation of each of the lines HM, EM’. This 
form of prism, known as a Fresnel 
biprism is used in some photometers 
(see, for example, p. 159). 
The effect of a lens can most easily 
be explained by reference to Fig. 12. 
For, suppose AMB to be the spherical 
surface, radius 7,, of a refracting medium 
of index n. Then, if a wave diverge 
from a point P, at the instant it reaches 
A it will have the form AN’B, instead 
of the form ANB which it would have 
had if unrefracted, MN being equal to 
nMN'. If PN = u, the new radius of 
: curvature of the wave s is given by the 
Fic. Leman of a Fresnel equations 7,DM = uDN 2s P DR" = 
4AD* if AD be assumed small with 
respect to u and 7, (°). On eliminating DM and DN by the aid of 
the relationship MN = nMN’, it is found that 


ln n—1 : 

a (i.) 

If now the light emerge again through a surface of radius r, in 
the opposite direction, the radius of curvature v of the emergent 


Soe <o mn 1 n—t1 ms 
wave is similarly found to be - = = : (ii.) 
> | Ts 
Fie. 12.—Refraction at a Spherical Surface. 
1 l 1 1 
Hence ee nd Del = ses 
U Vv ( ) 1 ai To Pe Swe eS (111.) 


rie ee es : : ; 
_ This equation shows at once that light radiated from a point at 
distance w from a double convex lens having surfaces of radii r, and 
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7, and refractive index n, is brought to a point again at a distance v 


on the opposite side of the lens. Thus, for various values of w the 
image can be kept stationary either by moving the lens (change of v) 
or altering its curvature (change of 7, or r,) or both. For a fixed 
lens, such as those used in optical apparatus, the reciprocal of the 


constant (n — 1) (~ + =) is called the focal length f and it is clearly 
1 2 

the distance from the lens of the image of a distant point for which 
u = 0. The position of this image is called the “ principal focus ” 
of the lens. ; 

A special case of some importance in photometry is the apparent 
shift in the position of an object seen through a plate of glass or 
other refractive medium of thickness d. In this case r; = r, = ©, 
and the equations for finding the relation between wu and v become ~ 
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so thatu —v=d (2 _- z) . Thus the effective distance of a light 


0, 


source from a surface is shortened by the insertion of a plane sheet 


Fira. 13.—Apparent Shift of an Object seen through a Plate. 


of refractive medium, the amount of shortening being equal to the 
thickness of the sheet multiplied by (n — 1)/n (see Fig. 13). 

Unless the requirement mentioned above, that the “ aperture ” 
(AB, Fig. 12) should be small compared with w and »v, is adequately 
met, the rays from one point do not converge accurately to a single 
second point, but intersect one another somewhere along a short 
portion of the line forming the axis of the system (PMN is the axis 
in Fig. 12). This departure of the rays from the stigmatic condition 
is termed ‘‘ spherical aberration,” and is a serious defect when a 
clearly-defined image is required. It can only be corrected by the 
use of non-spherical refracting surfaces, or by using a combination 
of lenses (1°). 

It should be noticed that a paraxial ray of light (7.e., a ray whose 
inclination to the axis of the optical system is small) passes un- 
deviated through the centre of a thin lens, since to a first approxi- 
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mation the portions of the lens surfaces at which the light e1 
and leaves bees be regarded as parallel, and therefore the deviatio ‘em, 
at entrance is compensated by the equal and opposite deviation at 
emergence. ve- Me. 
it follows from this fact that the linear dimensions of an object 
and its image formed by a lens are in the ratio wu : v, so that the areas 
are in the ratio u? : v?. “7 
Reflection at a spherical mirror may clearly be treated in a 
similar manner to refraction by a lens, putting 7, = 7,;, and m = — 5. 
Dispersion.—In the last three paragraphs it was tacitly assumed 
that the light was homogeneous, that is, that it consisted entirely of 
waves of a single frequency. Most light ordinarily met with, however, 
is composite, and may be regarded as a mixture, in varying propor- 
tions, of waves of all frequencies to which the eye is capable of 
responding (1%). ‘ rs 
It can readily be demonstrated by experiment that the ratio 
sin z/sin r, or n, generally termed the index of refraction of the 
second medium with reference to the first, is not the same for waves 
of all frequencies. In passing from air to glass, for instance, n 
increases as the frequency increases, so that it follows that the 
velocity in glass must be less for violet light than for red light, for 
in space (and, very nearly, in air) the speed of propagation is the | 
same for waves of all frequencies; otherwise a new star, or an — 
occulted star, would gradually change colour after its first 
appearance (1%). ae 
An important application of this variation of velocity in glass 
is to the resolution of a composite light into its various components 
by means of a glass prism. A convenient form of prism used for 
this purpose in the spectrometer 
is that shown in section in Fig. 
> 14, where the composite light 
entering at A is spread out by 
reason of the different refrac- 
tive indices of the glass for the 
waves of different frequencies. 
After total reflection at B and 
refraction at C, the light emerges 
in the form of a coloured band, 
known as a “spectrum,” which 
extends from red to violet if all 
colours are present in the original 
beam. 
This variation of refractive | 
index with frequency is fre- 
Spectrum quently made use of in optical 
Kia. 14.—The Constant Deviation Prism. and photometric (especially 
spectrophotometric) apparatus, 
but allowance for it has also to be made occasionally when analysis 
of the light is not desired. Clearly, no spreading can take place 
when the light is incident normally to the surface, for then 
eerie 0, 
From the presence of the quantity in formula (iii.) of p. 22, it 
will be clear that the position of the image formed by a lens depends 
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on the frequency of the light, and in the case of composite light the 
image of a point source is spread out into a line of images ranging 
in colour from violet (nearest the lens) to red. This spreading is 
termed “chromatic aberration,” and can only be corrected by the 
tise of a combination of lenses. 

Interference.—Another phenomenon which can be accounted for 
satisfactorily on the wave theory of light is interference. This 
phenomenon may, in brief, be looked upon as the effect of the 
superposition of two or more waves so as to produce a resultant of 
different amplitude. It is clear that, referring again to the illustration 
of the ripples on water, if two sets of ripples of the same amplitude 
and frequency be arranged to meet, so that at any instant the crests’ 
of either set alone would occupy exactly the same positions as the 
troughs of the other set alone, the result of the superposition of the 
two sets will be complete extinction, and if two sets of ripples cross, 
regions of undisturbed water will be seen at the positions where 
such extinction takes place (1%). In other positions, however, where 
crest coincides with crest, and trough with trough, the ripples will 
be approximately doubled in amplitude. By suitable means, one 
of which will be described below, similar effects can be detected in 
‘the case of light waves. Both extinction and reinforcement must be 
regarded as manifestations of ““ interference,’ and perhaps the most 
satisfactory definition of this term for the purpose of this chapter 
is that given by Schuster, as follows (14): “ If the observed illumina- 
~ tion of a surface by two or more pencils of light is not equal to the 
sum of the illumination of the separate pencils, we say that the 
pencils have interfered with each other and class the phenomenon 
as one of ‘ interference.’ ”’ 

The Interference Grating.—One of the most frequently employed 
pieces of apparatus involving interference is that known as a 
“ rating.” This consists, in its ordinary form, of a glass plate on 
which have been ruled with a fine diamond point a large number 
of exceedingly fine lines at regular close intervals (Rowland’s gratings 
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Fic. 15.—The Diffraction Grating. 


have about 14,400 lines per inch). The principle of its action will 
be clear from Fig. 15, which represents a section through the grating, 
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it being understood that the whole effect depends on exact similarity 
between the individual lines or corrugations. Let A,, ds, Az - - - 
be the trace of the incident wave front at the instant it reaches the 
similar points A,, A,, A, .. . of the grating. Then A,, A, 4,3. .- - 
become the centres of new waves, and, on account of the similarity 
at these points, all these waves will be equal in amplitude at equal 
distances from their centres. Considering the direction A,B, it is 
clear that, when the wave from A, has travelled as far as B,, that 
from A, will have reached B,, and so on. The waves thus follow in 
regular succession at a distance of separation equal to the projection 
of B,B, on B,A,, that is, d. The value of d depends on the distance 
between the lines on the grating, and the direction of the reflected 
waves considered. It is clearly equal to asin @, where a is the 
separation of the lines and @ the angle which the reflected light 
makes with the normal. If it so happen that the distance d is half 
the length of a wave (or an odd number of half wave-lengths), 
destructive interference will take place between each pair of waves, 
and at a considerable distance from the grating darkness will result. 
If, however, in the direction of the reflected waves considered, d 
be equal to one or any whole number of wave-lengths, then all the 
sets of waves will reinforce one another and brightness will result 
in that direction, for every other set of similar points of the grating 
will behave like the set A,, A,, Ag... 

This clearly provides a method for measuring the vaiue of f, 
for if w and the smallest value of 6 for maximum light be known, 
and A is the wave-length, f = c/A = c/a sin @. It also provides a 
means for analysing a composite light, for since f is inversely pro- 
portional to sin @, it is clear that the reflected light will be analysed 
in such a way that the maximum brightness for light of lower 
frequency (red) will appear nearest to the direction of the incident 
light, while that for the higher frequency waves (violet light) will 
appear nearly twice as far from this direction. Thus a grating may 
be used to produce a spectrum in which the different colours of a 
composite light are arranged in the order of their frequencies accord- 
ing to a known law of spacing (equiangular, since sin 6 ~ @ when 
6 is small). In this respect its spectrum is superior to that of a 
prism in which the spacing is dependent upon the kind of glass 
employed (see Chapter [X., p. 276). 

It is now possible to see why the effect of the elementary wave 
surfaces originating at all the points between A and A’ in Fig. 9 
of p. 19 could be considered as practically confined in the aggregate 
to the regions forming the envelope represented by the line A’B’, 
for, when all these waves are taken together, it is easy to see that 
at regions not on this envelope interference will take place, and a 
careful analysis shows that darkness will, in fact, result everywhere 
except on the “ wave-front ”’ A’B’. Lack of space prevents any 
detailed treatment of the subject in this book, and a treatise on the 
theory of light should be consulted (1). 

Interference Bands in Thin Films.—There is one phenomenon of 
interference which is made use of in some types of photometer 
(see p. 184), viz., the alternate light and dark bands produced when 
light passes through, or is reflected from, a thin layer of air between 
two glass prisms. Let ABC (Fig. 16) be a ray incident at such an 


ae 
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angle that BC is close to the direction of total reflection, then this 
ray is partly reflected and partly refracted at C, the refracted ray 
CD making with the interfaces of the prisms an angle + which is 
very nearly 90°., The ray.OD is partly transmitted ‘along DG, and 


Reflected 
Ray 


Fic. 16.—Talbot’s Bands. 


partly reflected along the path DEF. Now there is a ray A’B’, 
parallel to AB, which is refracted along the path B’E#, and is partly 


_ reflected at H. If the path difference between the rays reflected at 


D and at E be an odd multiple of a half wave-length, é.e., if 
2CD cos*r = (m+4)A, where m is an integer, then destructive inter- 
ference will take place and the total intensity in the direction HF 
will be diminished. It is clear that for another pair of rays very 
slightly inclined to AB and A’B’ the path difference will be m or 
(m + 1) wave-lengths, so that the reflected parts of these rays will 
reinforce each other. Thus a featureless surface seen by reflection 
in such a double prism will appear to be covered with alternate 
bright and dark bands. Like reasoning will show that an exactly 
similar process takes place in those portions of the light which 
are transmitted along DG, etc. (1%). 

Double Refraction.—In what has been written so far it has been 
assumed that the medium in which the waves of light are propagated 
is isotropic, that is, that it behaves in exactly the same way whatever 
be the path which these waves pursue within it. In some crystals, 
notably a form of calcite termed Iceland spar, this is not the case, 
except for waves in which the light vector, which has so far been 
termed a vibration without any statement as to its physical nature, 
is in a certain direction ; for it is found that in these crystals the 
incident light gives rise to two elementary waves at every point of 
the bounding surface. One of these waves is spherical, and obeys 
the ordinary laws of refraction, being propagated with the same 
velocity in all directions. The other is, however, propagated with 
a velocity which depends on its direction in the crystal. It is 
consequently not spherical, but ellipsoidal, and its minor axis is 
(for Iceland spar) of the same magnitude as the radius of the spherical 
wave, and is in the direction of a line of symmetry called the optic 
axis of the crystal (17). The two waves are shown in Fig. 17, where 
AB is the trace of the wave front in air, the circle CD that of the 
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elementary “ ordinary ” spherical wave originating from A, and the 


ellipse C’D that of the ‘‘ extraordinary ” ellipsoidal wave originating 
from the same point; AD, the optic axis of the crystal, is here 
taken as in the plane of the paper. A’C is now the ordinary wave 
front, and A’C’ the extra- 

(aidene B ordinary wave front, in 
_ Light the crystal. Naturally, 
these two sets of waves 

give rise to two images, 

and the familiar double 

Bounding appearance of an object 


Surfaee seen through a crystal of 


traordinary Iceland spar results. 
c’ Wave Front It thus appears that 
Fic. 17.—Double Refraction. a crystal of Iceland 


spar possesses the pro- 
perty of resolving a light wave into two components quite inde- 
pendently of frequency (since both images are practically uncoloured). 


~ In one of these components the waves follow the ordinary laws of 


refraction and are propagated with the same velocity in all directions. 
In the other component, the velocity of the wave is found to depend 
upon the direction of propagation. This phenomenon can be at 
once explained on the wave theory of light by assuming that the 
light vector or “ vibration” is transverse, that is, perpendicular to 
the direction of propagation; for if this “ vibration” be longi- 
tudinal there can be no possible dissymmetry of the wave about 
the direction of propagation, but with a spherical transverse wave 
it is at once apparent that dissymmetry exists, and that the vector 
at any point of the wave can be resolved into two components 
respectively in and perpendicular to any given plane containing 
the line of propagation (18). If this plane be supposed to be that 
containing the optic axis of the crystal at the centre of the wave 
(the plane of the paper in Fig. 17), then it may well be that when 
the vector is perpendicular to the paper the velocity of propagation 
is the same, whatever be the angle between the optic axis and the 
direction of propagation (angle DAC), while when the vector is in 
this plane the velocity of propagation varies with this angle (angle 
DAC’). This supposition provides an adequate explanation of 
double refraction if the law of variation is assumed to be c? = 
Co? cos? 6 + c-* sin® 6, where @ is the angle DAC’, ¢, is the maxi- 
mum velocity of the extraordinary wave, and c, the velocity of 
the ordinary wave. c/c, is known as the extraordinary index of 
refraction of the crystal, m.. 

Polarised Light.—In ordinary light, as would naturally be 
expected, the light vectors are oriented without any regularity, and 
in the waves set up by any source they are distributed in all directions 
in the plane of the wave surface. Inside a doubly refracting crystal, 
however, matters are different, and each of the two wave surfaces 
contains only waves in which the vectors are in a single direction. 
Such waves are said to be “ plane-polarised,” and as light of this 
nature is much used in some branches of photometry it is desirable 
to consider its properties in further detail. 

The Nicol Prism.—Unless special means be adopted to isolate one 
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_ of these sets of waves the two will naturally be mixed on emerging 


once more into the air, and the property of polarisation will be lost. 
The simplest method of isolation is that used in the Nicol prism , 


4 
Unpolarized 
Lig ht 
Glan ~ Thompson 
Prism 
Cc 
D 
B 
ee 
Db 
c 4 
Plane Eatraordinary 
(a) Polarized Ray (e) 


lig ht 
(6) 


ic. 18.—The Nicol Polarising Prism. 


which consists of a rhomb of Iceland spar of the form shown in 
Fig. 18a, where AB’ is about three times AD. This is cut in half 
by a plane passing through AA’ and parallel to BD, and the two 
pieces are then cemented together by Canada balsam. Now the 
refractive index of the balsam is greater than n, and less than mj, 
so that if the light be incident sufficiently obliquely on the balsam 
surface the ordinary ray will be stopped by total reflection (see 
p- 20), while the extraordinary ray will be transmitted (Fig. 18d). 
It results that light passing through the Nicol prism will be plane 
polarised. 

If this light be transmitted through a second Nicol, its intensity 
will depend on the relative directions in space of the optic axes of 
the two prisms, for, clearly, if the second Nicol can only transmit 
light for which the vector is in the direction OA (Fig. 19), and if 
the light falling upon it be plane polarised so that the vector is in 
the direction OB and of amplitude a, then this light will be divided 
into two components, of which one will be stopped and the other 
transmitted. The latter portion will have its vector in the direction 
OA and, by the law of resolution of vectors, will have amplitude 
a cos 0, so that the intensity of the light passing through both 
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prisms varies as cos? 6, where 6 is the angle between the optic 
a is to be noticed that in the ay ee Nicol as 
i light entering and leaving the prism 1s 
ee ene to he bounding surfaces. The results 
8 of this are the production of a certain 
amount of elliptic polarisation in the trans- 
mitted light and a lateral displacement of 
the emergent ray. The latter difficulty may 
be avoided by trimming the end faces of the 
prism so that they are perpendicular to the 
sides. This form of Nicol is generally used 
in photometric instruments in which the 
A prism has to be age (72): Nee ane of 
rism in which the elliptic polarisation is 
ololation of vee Eeadel is the Glan-Thompson form shown 
in Fig. 18c. 

The Wollaston Prism.—Another device used for separating the 
ordinary and extraordinary waves is known as Wollaston’s prism, 
and consists of two prisms of calespar, or quartz (another doubly 
refracting crystal, which differs from Iceland spar in that ¢, is 
always less than c,), cut with the same angle and cemented together 
as shown in Fig. 20. The optic axis of the left-hand prism is parallel 
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Fre. 20.—The Wollaston Prism. 


to AB, while in the right-hand prism it is perpendicular to the 
paper. It results that if light be incident normally on the face AB, 
no separation of the waves takes place ; the ordinary wave traverses 
the path PQ with velocity c., while the extraordinary wave traverses 
it with velocity ¢,. On arrival at Q separation takes place and the 
ordinary wave traverses the second prism as an extraordinary wave, 
while the extraordinary becomes an ordinary wave. If « denote 
the angle of the prism and 8 the deviation of the extraordinary 
wave at Q, sin(x + 9)/sinx = ,/c., and if r,; be the angle of 
emergence at #,, sin 6/sin 7, =c,/c, so that, since § is small, 
sin 7; = (% — m,) tana. The angle between the two wave envelopes 
is, therefore, 2r,. 

It is clear that if the two waves thus separated be caused to pass 
through a Nicol prism, the intensity of one on emergence will be 
sin? 6, and of the other cos? 6, since they are polarised in mutually 
perpendicular planes. It results that the ratio of the intensities will 
vary as tan? 0. 
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_ It is to be noted that, since the waves suffer deviation in passing 
through a Wollaston prism, a certain amount of colour analysis 
takes place. 

In Rochon’s ,prism this effect is avoided by having the prism 
ABD cut so that the optic axis is parallel to AD (see Fig. 20). The 
ordinary ray then passes through BOD without deviation (and 
therefore without dispersion), the extraordinary ray being deviated 
as in the Wollaston prism. 

Polarisation by Refiection.—The light reflected from the surface 
of a glass plate is polarised to an extent depending on the angle 
of incidence (see Chapter IV., p. 113). The polarisation should. 
theoretically be complete when 7 = tan-! n, where n is the refractive 
index of the glass (?°). Reflection at the polarising angle i has been 
used for polarising a beam of light in some of the older forms of 
polarisation photometers (see p. 4). 

The Electromagnetic Theory of Light.—In what has gone before, 
the adequacy of the wave theory of light to explain the results of 
experiment has been demonstrated, but so far no hypothesis has 
been suggested as to the nature of the vector involved in the propa- 
gation of the waves other than that this vector is perpendicular to 
the direction of propagation. 

In 1864 Maxwell proposed the electromagnetic theory, in which 
the light waves are assumed to be of the same nature as the electro- 
magnetic waves set up by a rapidly oscillating electric current, such 
as that obtained in the spark discharge. The identical velocity of 
the two sets of waves was experimentally established, and the theory 
is now universally accepted, as it not only is in agreement with the 
known phenomena, particularly as regards polarisation, but it 
connects the waves of heat and light with those produced by electrical 
means, and it has enabled phenomena in the realm of electricity to 
be related to other phenomena, before apparently quite independent, 
in the realm of optics. 

Maxwell’s hypothesis rests on his conception that, just as stress 
in an elastic solid produces a strain, that is, a displacement of 
matter, so in dielectrics the application of electric force produces a 
displacement of some unknown character, and this is identical in 
all its effects with an electric current. The observed laws connecting 
an electric current and a magnetic field are then sufficient to enable 
him to deduce the three following equations connecting the com- 
ponents of current uv, v, w with those of magnetic force «, B, y :— 


Av = dyjdy — apidz, ett. «ee 


and three of the following form, where pz is the magnetic permeability 
and P, Q, R are the components of electric force :— 


— pe = dR/dy — dQjdz, etc... . . = (i) 
But for a non-conductor whose specific inductive capacity is K 
u = (K/4)dP/dt, etc. 


Hence (i.) and (ii.) may be combined to give the following three 
equations : 


RP = dyidy —apjdz, etc., . .. « «+ + (il) 
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Further, differentiating the three equations of (ii.) with respect to 
x, y and z respectively, and adding 


dda . dB , dy\ _ 
alata t a) =? 


so that + 5 +. i is a constant with respect to time, and this 


constant is zero, since that is its value for the undisturbed medium. 
Differentiating (ii.) with respect to time, and eliminating P, Q 
and R by means of (iii.), the following equations therefore result :— 
Kpe = ya, ete. (74). 
Similarly, the following equations may be obtained :— 
KpP = y?P, ete. 

These two sets of equations show that both the magnetic and 
electric forces are propagated with a velocity 1/VKp. For vacuo 
and (very nearly) for all dielectrics » = 1. K in vacuo is equal to 
1 on the electrostatic system of units, but 1/m? in the electromagnetic 
system if m be the number of electrostatic units of quantity of 
electricity in one electromagnetic unit. Hence the velocity of 
propagation is equal to this ratio m, which experiment shows to be 
approximately 3 x 101°c.g.s. units. This is the same as the velocity 
of light within experimental error, and the remarkable verification 
of this theoretical deduction from Maxwell’s hypothesis is one of 
the triumphs of the electromagnetic theory of light. It is to be 
noted that Maxwell’s theory does not afford any explanation of the 
nature of light. “‘ It only expresses one unknown quantity (light) 
in terms of other unknown quantities (magnetic and _ electric 
disturbances), but magnetic and electric stresses are capable of 
experimental investigation, while the elastic properties of the medium 
through which, according to the older theory, light was propagated 
could only be surmised from the supposed analogy with the elastic 
properties of material media. Hence it is not surprising that the 
electromagnetic equations more correctly represent the actual 
phenomena. Whatever changes be introduced in future in our ideas 
of the nature of light, the one great achievement of Maxwell, the 
proof of the identity of luminous and electromagnetic disturbances, 
will never be overthrown ”’ (2). 

The application of the theory to the phenomena of reflection, 
refraction, polarisation, etc., cannot be dealt with here. It will be 
found in any modern book on the theory of optics (*8). 

Theory of the Light Radiating Mechanism.—For light waves the 
origin of the oscillatory current is considered to lie within the atom 
or molecule of the light-giving body. The atom is pictured as 
consisting of a heavy nucleus positively charged, and surrounded by 
a number, greater or less, of negatively charged electrons, each 
carrying a unit charge equal to 4:77 x 10-19 electrostatic units of 
electricity. These electrons are normally bound to the nucleus, but 
in certain (radioactive) substances they escape according to a 
statistical law. The ratio of their charge to their mass has been 
found to be 1-769 x 107 E.M.U. gm.-! (24). These electrons form the 
carriers of electricity in a conductor. 
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_ Now it is clear that if a rapid oscillation of one of these electrons 
take place within the atom, since this electron possesses an electric 
charge, it is equivalent to an oscillating electric current, and so 
a train of electromagnetic waves will be originated. Further, if the 
frequency of the oscillation be suitable, the emitted waves will be 
light waves (2°). 

Since energy is thus emitted from the atom, fresh energy must 
be supplied to it from exterior sources, and the different means for 
the supply of this energy provide a convenient classification for the 
various kinds of light emission known. When the energy is drawn 
from the molecule or, possibly, the atom by chemical action, as in- 
the case of the oxidation of phosphorus, or the chemical action which 
is probably the cause of the glow emitted by light-giving animals, 
such as the fire-fly, the emission is called chemi-luminescence or 
phosphorescence (7). When the energy is supplied by light which 
has been absorbed by a substance and stored up within its molecules 
as in a reservoir, the subsequent emission of the stored-up energy 
is called photo-luminescence or fluorescence. When the energy is 
supplied by electrical discharge through a gas, the emission is called 
electro-luminescence. These three classes will be considered in more 
detail later in this chapter. At present it is necessary to consider 
in some detail the most important class of light emission, viz., that 
in which the energy supply is due to the impact between the molecules 
of the radiator consequent upon its temperature. This kind of 
emission is called temperature radiation or thermo-luminescence. 

Pure Temperature Radiation.—It is first necessary to define what 
is generally known in the study of radiation as a “ black body ” or 
“complete radiator’ (77). Every- body in nature reflects some of 
the radiation which is incident upon it, and most bodies are selective 
in the extent to which they reflect radiation. Objects which do not 
themselves radiate in the visible spectrum are only seen by means 
of the light which they reflect to the eye after they have received it 
from some self-radiator. A truly black body is one that totally 
absorbs light of all frequencies, and reflects none of the radiation 
that falls upon it. Such a body must, from thermodynamical con- 
siderations which will now be described briefly, emit radiation in 
which the energy contained in any frequency range is connected with 
that frequency and with the temperature of the radiator according 
to a law which can be deduced from theoretical considerations. 

Kirchhoff’s Law.—To Balfour Stewart and G. Kirchhoff is due 
the principle that the ratio of the radiation emitted to that absorbed 
by any body in thermal equilibrium depends only on the tempera- 
ture, and that this ratio is equal to the emission of a black body 
(for which the absorption is perfect) at the same temperature. This 
is a consequence of the experimental fact that a number of bodies 
within an impervious enclosure which contains no source of heat 
will ultimately acquire the same temperature ; but the law enun- 
ciated above goes further in that it applies to radiation of any given 
frequency, and not merely to the total radiation ; for it is possible 
to imagine a hollow enclosure of uniform temperature in which a 
portion of the wall is composed of a body whose absorption factor 
for radiation of wave number v is «,, and whose emission at the 
temperature is ,, while the remainder of the wall is perfectly black, 


Pp, D 


34 PHOTOMETRY 


and therefore has absorption unity and emission Z,. The absorption 
and emission of all parts of the wall must balance, or the temperature 
equilibrium will be disturbed. Hence, if A, be the energy in 
frequency v received by all parts of the wall, for the non-black 
portion «,A,—=7,, and for the black portion A, = £,. Hence 
ot, = Vv Cay . = 

Three deductions follow at once from this result. (i.) If x, be 
determined for any body, and the relation between #, and tempera- 
ture be known, 7, is found. (ii.) Since «, cannot be greater than 
unity, no body can radiate more at any frequency than can a black 
body at the same temperature. Hence a black body is often called 
a “complete, or total, radiator.” (iii.) In a hollow enclosure of 
uniform temperature, the radiation proceeding by reflection and 
emission from any part of the inner surface is the same as that 
emitted by a black body at the same temperature. For suppose it 
receives A,, then it absorbs «,A,, and since it emits 7, and, when 
the temperature is constant, emission and absorption must be equal, 
it follows that 7, = «,A,. Thus A, = £,, and, again, since it must 
return, by reflection and emission, as much as it receives, it follows 
that the emission is H,. Hence, since no surface is known which 
behaves exactly as a black body at all temperatures, the best 
approach to a complete radiator is a very small opening in a 
uniformly heated enclosure. 

Other consequences of this law are (i.) good reflectors are bad 
absorbers, and consequently bad radiators ; (ii.) transparent bodies, 
being bad absorbers, are also bad radiators. This is well shown 
by the bright appearance of a spot of opaque material on a piece of 
heated glass. 

The Pressure of Radiation.—It is now easy to show on thermo- 
dynamic principles that the pressure exerted by a succession of 
plane waves incident normally at a perfectly black surface is equal 
to the energy contained per unit volume of the space in which these 
waves are travelling; for, considering a cylinder of unit cross- 
‘section whose axis is normal to the oncoming waves, if this cylinder 
be closed at one end by a black surface, the energy of the waves will 
be completely absorbed, and the amount so absorbed in time ¢ will 
be Hct, where EF is the energy contained per unit volume of the 
cylinder. If now the black surface be displaced a distance 8x along 
the axis of the cylinder, then the work done by the movement of the 
surface is equal to the energy contained in the increased volume 8x 
of the cylinder, i.e., to Hdx, so that if p be the pressure upon the 
surface, pda = Héx, or p = E. 

As an example of the magnitude of p, it may be said that since 
the energy flow from the sun at the earth’s surface (the solar constant) 
is 1-3 x 10% ergs/sec. per sq. cm. (?°), this energy is contained in 
3 xX 10° c.c. Hence the value of H in this case is 4 x 10-5 ergs 
per c.c., %.¢., p= 4 X 10-® dynes per sq. cm., or 4 x 10-8 gm. 
weight (approx.). 

The Stefan-Boltzmann Law.—From Kirchhoff’s law and the 
result obtained above it is possible to deduce the law connecting 
the radiation from a black body and the absolute temperature 7 
of the body ; for, considering a closed cylinder of length x and 
unit cross-section, the walls of which are totally black and impervious 
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to radiation, if the energy per unit volume be Z, the pressure on the 
end wall will be } H, since the contained energy must be due to waves 
travelling in all directions, and the average resolved component in one 
of three mutually perpendicular directions will, therefore, be 1 2. Now 
suppose the end of the cylinder to move inwards by a distance 8z, 
and the energy density to be changed by an amount 8# in conse- 
quence, then (a) the work done by the movement will be 4 HSz, and 
(0) the change in the amount of energy contained within the cylinder 
will be Ha — (HE — 5E£)(x — 8x). Thus, by the principle of the 
conservation of energy, 


5 Hox + Hx — (HB — 8B) (x — 82) =0 


or S Hoa + «dH = 0, or # varies as x-%. Further, if the change of 


temperature produced by the adiabatic volume change 6x be equal 
to 67’, then by Carnot’s principle 


; HSn/Bu = — 3P/P, 


so that 7’ varies as 7-3, 7.e., H varies as 7" (°°), 

Since a black body absorbs all the radiation that it receives, it 
follows from Kirchhoff’s law that the radiation in equilibrium with 
it is proportional to that which it emits from unit area in unit time. 
Hence the energy of the radiation emitted by a black body at a 
temperature 7’ is equal to o7"*, where o is a constant known as the 
Stefan-Boltzmann constant, after the names of the discoverers of 
the law, the first by experimental work, the second from theoretical 
principles; The value of ois 5-709 x 10-® erg em.-* deg.—* sec.—* (84). 

Wien’s Displacement Law (#?).—In the Stefan-Boltzmann law the 
energy is treated as a whole, and its partition among waves of 
‘different frequencies is not considered. It now becomes necessary 
to find out in what manner this partition is affected by a change in 
7. It can readily be proved that the effect of the compression 6x 
above considered is to increase the frequencies of the radiation 
enclosed in the cylinder ; for if a series of plane waves of length 2 
and frequency f strike a surface moving with opposing velocity w, 
fA=c initially, and after reflection f’ =f + 2u/A(*). Hence 
of = 2u/A = 2uf/c. Now u= — @, and the number of reflections 
per second in the cylinder is 4 ¢/2, for again, since the waves within 
the cylinder are travelling in all directions, the average resolved 
component in one direction is 4c. Hence the rate of increase of 
frequency is the increase per reflection multiplied by the number 


of reflections per second, 7.e., 
f = (2fu/c)(c/6x) = — (f/3a)x 
-, df/du = — f/3x orf varies as 2-5. 


Now let the energy per unit volume of the radiation in the range 
of frequency from f to (f + df) be denoted by Hyéf, where H; may 
be called the energy density per unit range at frequency f. When 
the contraction da takes place, H/éf varies as x-! (see above). But 
f, and therefore 3f, varies as -', so that H; varies as a", 1.€., as Ts: 

D2 
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This shows that, comparing Z, in two full radiations at different 
temperatures, and taking corresponding frequencies given by Tlf = 
constant, H; is proportional to the cube of the temperature. This 
relation may then be written 


By = T$(T/f), or By = f(T /f)- | 
This is known as Wien’s displacement law, and it leads readily to _ 
an expression for fmax., the frequency of maximum energy at any 
temperature, for, at any given temperature, when H; is a maximum 
E,/T? is a maximum, so that 4(7'/fmax.), and therefore (7'/fmax.), 18 a 
constant independent of temperature. : 

It should be noted that since f = cv, the above expressions 
preserve the same form if written with v substituted for f throughout. 
The value of 7'/vmax., Which may be represented by A,, is found to 
be 0-5079 cm. degree (4). 

The expressions in f or v may be further transformed to the 
corresponding expressions in A by using the transformation 
f =cev=c/d, so that 8f = cdv = — (¢/A*)5A._ Since £,5A = EH; Sf, 
the expression for #, becomes H,(c/A”) = (c4*/A>)b(T'A/e), which may 
be written 

EOE AP). 


Here H#, is the energy per unit range at wave-length A. Similarly, 
it may be shown that the constant Amax7’ = A, = 0-2885 cm. 
degree (°*). 

The Quantum Theory.—In the above expression for the energy at 
any frequency the form of the function written as F(T/v) is left 
quite undetermined. The further consideration of the form of this 
function depends fundamentally on the manner in which energy 
can be exchanged. In the classical mechanics it was assumed that 
energy could be exchanged between molecules, efc., in any amount, 
and not necessarily in definite multiples of an indivisible unit or 
“quantum. On this assumption it can be shown (*°) that the 
probability that any one molecule, regarded as a “ seat of energy,” 
will have energy lying between the values # and # + 8# (the 
probability being defined as the fraction of the total time for which 
its energy lies between these limits) is (1/k7)e-®*78H, where k is 
the atomic gas constant, 7.e., the ordinary gas constant R divided 
by the number of molecules in the gramme-molecule (°°). It follows 


("00 
that the average energy in such a seat is | (B/kT)e-®*"dE, or 
0 
simply £7’. This is the theorem known as the ‘‘ equipartition of 
energy,’ and the result just quoted can readily be shown to lead to 
the value 87R7'/y for F(7/v) in Wien’s formula, which thus becomes 
H, = 8rRv?T. This is known as the Rayleigh-Jeans form. 

It will be at once apparent that if v be very large, HZ, will also 
be very large, and in consequence it must be concluded that the 
energy density in the ether becomes infinite for waves of infinite 
frequency, a conclusion which is generally regarded as quite un- 
tenable. In consequence, Planck in 1901 (87) was led to propose a 
new hypothesis, in which he supposed that energy can only be 
communicated in multiples of some indivisible amount which varies 
directly as the frequency of the oscillation by means of which the 
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energy is transferred. If this hypothesis be granted, a seat of energy 
can only gain or lose by multiples of this quantity, and it is then 
found that the probability of such a seat having energy pe is 
ev /kT/(1 — elk?) and the average energy is now found to be 
e/(e/*? — 1). This is the partition formula resulting from Planck’s 
theory, and it will be recognised at once that since when v is very 
large, pe is also very large, the average energy at very high frequencies 
is very small, a result to be expected a priori, since the probability 
of exchange taking place at all is small if it can only be carried out 
by the transfer of a large quantity of energy. The factor of pro- 
portionality between ¢« and v is hc, so that « = hev, and thus the 
average energy of a system of seats of energy will be not k7’, but 
hev(e/F? — 1), The constant h is called Planck’s elementary 
quantum, and has the value 6-554 x 10-2? erg/sec. (8). 

Wien’s displacement law now becomes HL, = 8zhcv3/(e!ik? — 1), 
which may also be written H, = C,v°/(e“/" — 1), where C, and 
C, are constants respectively equal to 87he and hc/k (3°). The curve 
calculated by this formula for the energy distribution in the spectrum 
of a black body is in remarkable agreement with that found by 
experiment. 

This agreement is exhibited by the curve of Fig. 21, which shows 
the energy emitted within unit wave-number interval by unit area 
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Fig. 21.—Planck’s Formula. Circles indicate observations ; full line represents the 
computed curve. (Recomputed from Bureau of Standards, Bull., 13, 1916, p. 476.) 


of a black body radiator in unit time when the temperature of the 
radiator is 1,596° K. The line gives the distribution calculated 
according to the Wien-Planck law, using the values C, = 
3-703 x 10-5 erg/em.? sec.-!, and C, = 1-4330 cm. degrees, while the 
circles indicate observational points (*°). 

The values of the constants clearly depend on the value of the 
black-body radiation found experimentally at some temperature 
measured by thermometric apparatus (41), and the above figures are 
based on the present accepted values of the melting points of gold 
and of palladium, viz., 1,336° K. and 1,829° K. (4), at which tempera- 
tures the total radiation of 1 sq. em. of a black body is found to be 
18-2 watts and 63-9 watts respectively. 
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‘¢ Grey ’’ and Selective Radiation.—The black body, then, forms 
a basis for energy measurements at different regions of the spectrum 
of other incandescent bodies. It has been said already that no 
surface is perfectly black, and it follows that the radiation from such 
a body as, for example, a tungsten filament, may follow quite a 
different law from that found for the total radiator at the same 
temperature. It has already been pointed out (p. 34) that no body 
can emit more temperature radiation than a black body at the same 
temperature. A body whose emission, when compared with that 
of a black body at the same temperature, bears a constant ratio to 
it at all frequencies is known as a “ grey body,” and radiation having 
this characteristic distribution is known as “ grey-body radiation.” 
Any radiator for which the distribution curve is different from this 
is said to be “ selective,’’ and all known bodies radiating in the open 
are selective to a greater or less extent. The nearest approach to 
a black body is carbon. 

The sun, as viewed from the earth’s surface, may be regarded as 
a black body at a temperature of about 5,400° K., but the composition 
of sunlight is somewhat different from that of the light given by a 
black body, owing to unequal absorptions at different frequencies 
during its passage through our atmosphere. 

For slightly selective bodies, such as platinum, iron or copper 
oxide, tungsten, carbon, etc., it has been found that their emission 
can be sufficiently well expressed by means of the generalised 
formule H = o,T*, and HL, = c;'ve—Ye—2/T, where o’, a, c,’ and ¢,’ 
are constants of the selective body (*). 

In the case of some selective radiators the energy distribution 
in the visible region of the spectrum approximates closely to that of 
a “ grey ” body, 7.e., for any frequency within this region the energy 
given by the selective radiator is a constant fraction of that given 
by a black body at some temperature (#4). Tungsten behaves almost 
in this manner, having an energy distribution curve which is very 
closely the same as that of a grey body in the visible, while at lower 
frequencies its emissive power is smaller than would be the case if 
it were truly “ grey ”’ (45). 

It is clear that the colour of the light given by such a selective 
radiator is sensibly identical with that of a black body at some 
definite temperature. This temperature is, therefore, termed the 
“colour temperature’? of the selective radiator, and will be con- 
sidered further in Chapter IX. 

Complete Radiation and Selective Radiation—The above descrip- 
tion of the principal characteristics of temperature radiation may 
be summarised briefly as follows :— 

(1) For a complete radiator the emission at any frequency 
increases continually with the temperature, but the higher frequencies 
increase most rapidly, so that the frequency of maximum emission 
shifts continually towards the blue as the temperature rises. The 
area of the curve within the limits of the visible spectrum is but a 
small portion of the whole, so that the energy radiated as light is 
only a small portion of the total energy emission. This proportion 
increases, however, as the temperature rises, until it reaches a 
ees of about 50 per cent. at a temperature of slightly over 
6,000° K, : 
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_. (2) For a selective radiator the emission at every frequency is less 
than that of a total radiator at the same frequency, but the dis- 
tribution is different, so that the proportion of the total emission 
which is within, the limits of the visible spectrum may be higher 
than for a total radiator at the same temperature. For some selective 
radiators the energy distribution in the visible part of the spectrum 
18 approximately the same as that in the spectrum of a grey body. 

Electro-Luminescent Radiators.—It will have been observed that 
all that has been said above applies only to temperature radiation, 
but, as already mentioned, there are types of radiators which do not 
depend upon temperature to supply the energy which they emit 
in the form of ether waves, and to which, therefore, the above con- 
clusions do not apply. One of the most important of these types of 
radiator is that in which the source of the energy is electrical, and ag 
this type is of considerable importance in light production, it will 
be considered briefly here. 

It has long been known that when an electric discharge is passed 
through certain gases contained in a tube at low pressure they glow 
with a light which is characteristic of the gas and of the conditions 
under which the discharge takes place. The well-known Geissler 
tubes are examples of this, and the mercury vapour lamp and the 
Moore tube are applications of the same principle to practical 
lighting. For these sources the energy distribution departs very 
markedly from that of a black body, and, in fact, it is found that the 
radiation is concentrated, to a greater or less extent according to 
circumstances, in the neighbourhood of certain definite frequencies, 
which are well-marked characteristics of the nature of the gas, 
insomuch that the gases present in a tube can generally be named 
at once from inspection of the energy distribution curve under 
electric discharge. The striking fact of the invariability of these 
frequencies is the basis of spectrum analysis. 

The Rutherford-Bohr Atom Model.—In order to form a clear 
mental picture of the mechanism which is thought to underlie the 
phenomena of electro-luminescence, it is necessary briefly to survey 
the Rutherford-Bohr theory of atomic structure (*°). It is supposed 
that the atom is composed of an inner central electric charge, con- 
centrated on a nucleus, and a surrounding planetary system of 
electrons (elementary negative charges) rotating in certain orbits. 
This conception of the structure of the atom, due to Rutherford, is 
the outcome of a study of the phenomena of radioactivity and the 
properties of the «- and f-particles (*”). It was pointed out by 
Bohr (48), however, that such a planetary system of electrons js 
unstable unless Planck’s quantum hypothesis be adopted, for other- 
wise the energy of rotation of these electrons would gradually be 
radiated, and the orbit would in consequence become smaller and 
smaller, so that the electron would finally be merged in the nucleus. 
Further, the alteration of orbit would cause a gradual change of 
frequency in the emitted radiation, and this is certainly contrary to 
observation. Bohr therefore assumes that the electron can only 
move in an orbit such that its energy consists of an integral number 
of quanta, and that while moving in this orbit no energy is radiated. 
Passage from one orbit to another, however, may take place owing 
to a ‘crisis’ involving the emission or absorption of one or more 
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quanta hcv of energy in the form of homogeneous radiation of wave 
number v, where cv, the frequency, has a value intermediate between 
the frequencies of rotation of the electron in its original and final 
orbits. 

This theory has been applied with wonderful success to the case 
of the hydrogen atom where it is supposed that there is but one 
electron of charge — e and mass m, rotating about a nucleus of 
charge + e, in a circular orbit of radius a with angular velocity . 
Then, according to the ordinary laws of mechanics e?/a? = maw? 
and the kinetic energy W of the electron is necessarily equal to 
imw?a2. Bohr assumes that the energy of an electron moving in 
an orbit of angular velocity @ is equal to some multiple of its frequency 
of oscillation (w/27) multiplied by $4 so that W = thw/4z where + 
is an integer. From the three equations just given it follows that 
27r*met 8x3met th? 
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Putting in the ordinarily accepted values for e, e/m and h it is found 
that W/e = 13 volts, a = 0-53 x 10-8 cm. and w/4a7 = 6-2 xX 10% 
sec.-!. These quantities are of the order of magnitude of the 
ionisation potential (4°), atomic size, and optical frequencies 
respectively. 

Application to Line Spectra.—The triumph of the theory lies in 
the explanation which it gives of the relation found to exist between 
the numerical value of the frequencies at which the radiation from 
hydrogen gas at low pressure is emitted. Balmer, in 1885 (5°), 
pointed out that these frequencies could be arranged in series, so 
that to very considerable accuracy the frequencies in each series 
were expressed by the equation v = N(1/n,* — 1/n,*) where, for a 
well marked series in the hydrogen spectrum, n, has the value 2 and 
nm, has the values 3, 4,5. ... Clearly this expression follows at 
once if it be assumed that energy hcv is emitted by the passage of an 
electron from an orbit in which 7 has the value 3, 4,5 . . . to one 
in which r = 2. For hev = Wy, — W, = (2a*met*/h?) (7, — 7,7) 
so that the constant N, known as the Rydberg constant, becomes 
27*me4/h8c. The series of frequencies for which 7, has the value 1 
and 7, the values 2, 3,4 . . . are in the ultra-violet, while those for 
which 7, = 3 are in the infra-red. Both of these series are known 
to exist, though the former was not discovered until after its 
prediction by the theory. Assuming the truth of Bohr’s theory, the 
known value of N, viz., 1-:0930 x 105 em.—' (51) gives another method 
of determining Planck’s constant, and the value thus found is in 
excellent agreement with that determined by quite different methods. 
For less simple atoms than those of hydrogen the application of the 
theory becomes very difficult, but the above treatment will serve to 
show the nature of the experimental evidence which supports the 
Rutherford-Bohr theory of atomic structure. 

The radiation emitted by a gas when an electric discharge passes 
through it may then be looked upon as due to disturbances in the 
electronic system of an atom by the free electrons taking part in the 
conduction of the current through the gas. These electrons are 
constantly coming within or quitting the sphere of action of the 
gaseous atoms, and in so doing they cause the “ crises ’’ among the 
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electrons within the atom which result in the emission or absorption 
of radiation of a given frequency. 

The colour of the light given by such a process is clearly quite 
different from that due to temperature radiation, and the laws which 
govern the intensity at any frequency have not yet been reduced to 
any theory. It may be mentioned here that the range within which 
the radiation at any dominant frequency is confined in a spectrum 
such as that just described is generally extended slightly by increasing 
the pressure of the gas above a few millimetres of mercury (®2). 
This form of spectrum, generally characteristic of elementary bodies 
in the gaseous state, is spoken of as a “line” spectrum because, 
when analysed by a prism or grating the light appears in a number — 
of sharply defined lines. For undissociated compounds the emission 
takes place in groups of frequencies so that the spectrum consists of 
a number of broad bands although each band is resolvable into a 
number of fine lines by a spectroscope of sufficiently high power. 
This type of spectrum is termed a “ band ”’ spectrum. The spectrum 
obtained from temperature radiation is, on the other hand, a “ con- 
tinuous ”’ spectrum and may be regarded, for the sake of convenience, 
as a mixture of waves of all frequencies. 

Photo-Luminescence, or Fluorescence.—There is a radiation 
phenomenon which has received a certain degree of application to 
problems of practical illumination and which therefore deserves 
mention here, viz., the fluorescence exhibited by certain substances 
such as eosine, rhodamine, phenosafranine, efc., which, when 
illuminated strongly emit radiation of frequencies quite different 
from that of the incident radiation. It has generally been assumed 
that the frequency of the emitted radiation is always less than that 
of the incident radiation (Stokes’ law) but exceptions to this rule 
have been found, notably in the case of sodium vapour (5°). 

Attempts have been made to explain fluorescence as an absorption 
of energy by the electrons which thereupon emit it in radiation of a 
different frequency. But this does not explain why all absorbers 
should not exhibit fluorescence. It seems probable that the absorbed 
radiation is stored up, either within the substance by chemical 
reaction or within the molecule by some mechanism at present 
unknown, and given out again almost instantaneously in the form 
of radiation characteristic of the material. A fluorescent body may 
thus be regarded as a kind of catalyst for the transformation of 
energy from one frequency to another. When the transformation 
is not instantaneous, as in the case of certain bodies such as calcium 
and zine sulphides, barium platino-cyanide, etc. the phenomenon is 
sometimes misleadingly termed phosphorescence. The last-named 
substance is used for X-ray screens on account of its power of 
transforming the short Réntgen waves into others lying within the 
visible spectrum. i“ a 

Some bodies, notably zinc sulphide, exhibit the power of emitting 
luminous radiation under the action of the «- or B-particles from 
radioactive substances. These are termed radio-luminescent, and 
are used, mixed with radium, for the illumination of watches and 
other objects which are required to be recognisable in the dark. 

Receptors of Radiation.—The above sections of this chapter have 
dealt mainly with the phenomena of the propagation and emission 
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of radiation, and of the theories put forward to explain these pheno- 
mena. In this section the reception of radiation will be dealt 
with. 

Naturally the most widely useful forms of energy receptor are 
those in which the energy is converted into heat and so measured. 
The bolometer and the thermopile are the two instruments princi- 
pally employed for the purpose and in them the energy is absorbed 
by a black surface and the resulting rise in temperature causes an 
electric current to flow according to the well-known laws of thermo- 
electricity (54). This current, measured by a galvanometer, gives a 
measure of the energy incident at the surface. Energy distribution 
is investigated by first obtaining a separation of frequencies by 
means of a prism or a grating, and then using a bolometer or thermo- 
pile of extremely small breadth so as to receive radiation from as 
restricted a range of frequency as possible. This subject will be 
dealt with more fully in Chapter XI. 

For the spectral region which is chiefly important in photometry, 
viz., the visible range, the most important receptor is the eye. Its 
behaviour will therefore be described in some detail in the next 
chapter. 

There is, however, a third and entirely different form of receptor, 
the photo-electric cell, which has received an increasing amount of 
attention in recent years from workers in photometry. The pheno- 
mena underlying its action must therefore be noticed briefly. 

The Photo-Electric Cell—It was shown in 1888 by W. Hall- 
wachs (55) that a negatively charged body gradually lost its charge 
when illuminated by ultra-violet light, while a positively charged 
body remained unaffected. This phenomenon was called the 
photo-electric effect. It has since been found that some substances, 
notably the alkali metals, show the same effect under the action of 
light in the visible spectrum, and the effect has therefore been applied 
to the measurement of illumination. The particular form of 
apparatus used in photometric work is termed, somewhat mislead- 
ingly, a photo-electric cell, and is described in Chapter XI. 
(p. 326). 

The phenomenon of photo-electricity results from the fact that a 
metallic surface receiving radiation of a sufficiently high frequency 
emits electrons whose velocity, it has been found, may have any 
value from zero to a certain maximum w (for light of a given 
frequency). It seems probable that all the electrons leave the atom 
to which they originally belonged with an initial velocity wu, but that 
this velocity is reduced by an amount depending on the length of 
path they have to travel within the metal before they finally emerge 
from the surface. It has been found that the number of electrons 
emitted is a function of the intensity of illumination only, and not at 
all of the frequency of the incident radiation, while on the other hand 
u depends only on the frequency of the incident radiation, and not 
at all on the intensity of the light (°°). Further, there is a value for 
the frequency of the radiation which forms a minimum below which 
no photo-electric effect is produced at all. With sodium, for example, 
if the frequency lie below that of the green light v = 17,300, no 
electrons are emitted (°’). The value of w is given by an expression 
of the form 3mu? = kev — w, where k and w, are constants for the 
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metal, and it is found that the average value of k for a number of 
elements ranges from 4-9 to 5-7 x 10-27 erg/secs., while w, is approxi- 
mately equal to e multiplied by V, the ionisation potential of the 
substance, so that w, is the work which has to be done on an electron 
to bring it out of the sphere of attraction of the atom. Hence it 
seems reasonable to assume that the incidence on an atom of an 
amount of energy kev is required before the electron can be emitted. 
Now kis always slightly less than, but of the same order of magnitude 
as, Planck’s constant h, so that again the conclusion seems inevitable 
that exchange of energy between matter and ether can only take 
place in multiples of the indivisible quantity kev. This would 
explain at once the inability of light of less than the critical frequency 
to produce the photo-electric effect, for in this case a single quantity 
hev would be too small to liberate the electron, and the probability 
of the simultaneous incidence of two such quantities on the same 
atom is too small to be considered. Further, as v increases so does 
the quantity hev, and since the whole of this quantity must be 
absorbed by the atom it is employed in increasing w. 

It should be mentioned that other explanations of the photo- 
electric effect have been proposed with varying success, but the 
explanation given by the quantum theory is now almost universally 
accepted (°8). The chief difficulty which besets other theories is 
that a photo-electric effect can be observed when the energy reaching 
the surface is of the order of 10-7 ergs per sq. cm. per sec. (of the 
same order as that detectable by the human eye). It follows that 
the energy reaching a single atom is much less than 10-?° ergs, so 
that if the electron can absorb only the amount of energy falling 
on the molecule in which it is contained, a very long period must 
elapse from the time the light is admitted to the beginning of the 
effect. No such period exists. The effect takes place simultaneously 
with the admission of the light. If, however, the light be imagined 
to be concentrated in quanta, the emission of a single electron may 
take place as soon as one such quantum has reached the surface, a 
time quite inappreciable by any means at our command, even for 
the feeblest illuminations. 

The cause of the abnormal sensitivity of the alkali metals (and, 
to a much less extent, the metals of the alkali earths) has not so 
far received any theoretical explanation. The magnitude of this 
selective effect has been found by some workers to depend on the 
orientation of the plane of polarisation and on the angle of incidence 
of the light reaching the surface, but this has been contradicted by 
others (°°). 

The sensitivity of a photo-electric cell, 1.e., the current due to a 
given illumination, is increased by filling the cell with an inert gas, 
such as argon, at a pressure of a few millimetres of mercury. This 
increase is due to ionisation of the gas molecules by collision (°°). 
The electrons set free from the metal surface travel towards the 
anode owing to the electric field, and if in so doing they collide with 
a molecule of gas, the force of the impact may be sufficient to set 
free an electron previously held bound within the molecule. These 
released electrons immediately travel towards the anode, and thus 
increase the current passing through the cell. 
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KH. P. Hyde. Astrophys. J., 36, 1912, p. 89; Nela Bull., 1, 1913, p. 17. 

O. Lummer. Schlesische Gesell. vaterlind. Kultur (Breslau), Jahresber., 91, 1913 
(Bd. L., Abth. Ila.), p. 77; E.T.Z., 84, 1913, p. 1428. 

The values of a are, for carbon 4 to 4-1, for tungsten 6, and for platinum 5 to 5-4. 
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CHAPTER III 
THE EYE AND VISION 


Wiru the, at present, comparatively unimportant exception of 
certain methods of physical photometry, all light measurement 
depends ultimately on the use of the human eye. Even in physical 
photometry the aim is to obtain an instrument which will give 
results in accord with those which would be obtained visually, so 
that it may be said that the eye remains, and must remain, the 
ultimate judge of light, both qualitatively and quantitatively. 
Certainly the spectroscope makes it possible to distinguish between 
light waves of neighbouring frequencies which are quite indistinguish- 
able by visual means, and similarly a sensitive radiometer can 
detect differences of intensity which the eye cannot perceive ; but 
for all ordinary photometric purposes the eye is the final arbiter, 
and it is, therefore, necessary in any treatment of the subject of 
_ photometry to give some description of the construction and mode 
of working of this organ of special sense ('). 

The Structure of the Eye.—The eye is an ellipsoidal, nearly 
globular organ about 23 mm. in diameter. It will be seen from 
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Fria, 22,—Human Right Eye divided nearly Horizontally through the Middle. 


the section given in Fig. 22 that it is enclosed in a tough outer 
skin (S) termed the sclera, which is opaque to light. This is replaced 
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at the front of the eye, however, by a transparent cartilaginous 
lamina termed the cornea (C), which is more convex than the 
sclera. Under the sclera is a second coat, termed the choroid 
(Ch), which is much more delicate and consists almost entirely of 
blood vessels and nerves. It is black, being covered with a layer 
’ of black pigment which prevents interference with vision due to 
stray light reflected from its surface. In front of the eye this coat 
is replaced by the iris (I), which forms an adjustable shutter capable 
of considerable alteration of aperture (from about 2 to 7 mm. 
diameter), according to the amount of light entering the eye. Its 
very rapid and absolutely automatic action in ‘“ stopping down” 
when a bright object is looked at, tends to prevent injury to the ~ 
retina from sudden exposure to excessive radiation (see p. 55). The 
innermost coating of the eye, the retina (R), is an extremely delicate 
film, consisting chiefly of nervous fibres which spread out from the 
optic nerve over the whole of the anterior surface of the choroid. 

The interior of the eye is filled with three transparent media. 
The first, which fills the space between the cornea and the crystalline 
lens, is nearly pure water, and is termed the aqueous humour (a). 
This has a refractive index of 1-336. Just behind the iris is a lens 
formed of a substance resembling very thick jelly or soft gristle, and 
having a refractive index of 1-45 at the centre, changing to 1-41 at 
the edge, so that the effective index is 1-437 (7). This lens is double ~ 
convex, with the posterior surface of greater curvature than the 
anterior. It is suspended in its place by a set of little bands proceed- 
ing from the choroid coat, and known as the ciliary processes (ct). 
The whole of the space enclosed between the crystalline lens and 
the retina is filled with a thin jelly termed the vitreous humour (v), 
which has a refractive index of 1-338. 

Accommodation.—When an object is looked at, waves of light 
proceeding from its various points enter the eye at the cornea and 
are refracted by the various media so that an image of the object 
is formed on the surface of the retina. Now the position of an image 
produced by any optical device depends upon the relative positions 
of the object and of the refracting elements of the device (see p. 22). 
Hence, in order to produce a sharp image on the retina for objects 
at different distances, the refracting elements of the eye must be 
adjusted to suit the position of the particular object viewed at any 
given instant. This adjustment, termed accommodation, is achieved 
almost involuntarily by means of the ciliary muscles, which produce 
a slight change in both the position and the curvature of the crystal- 
line lens. The effect of these changes was described in the last 
chapter (p. 22). ; : 

When light enters the eye at the cornea, it undergoes refraction 
at the surface, according to equation (i.), p. 22, with r, put equal 
to 7-8 mm. It undergoes further similar changes due to refraction 
at the surfaces separating the various media within the eye, and 
finally an image is formed on the retina if the crystalline lens be 
properly adjusted in position and curvature. 

When the eye is at rest it is focussed for distant objects, and the 
retina is at the position of the principal focus of the refracting 
system, viz., 15-9 mm. behind the posterior surface of the lens, 
while the radii of curvature of the front and back surfaces of the 
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lens are respectively 10 mm. and 6 mm. When the eye is poe 
modated for seeing near objects, these radii are changed to 6 and 
5-5 mm. respectively, while the front surface of the lens is shifted 
outward by about 0-4mm. The limit of accommodation is generally 
for objects about 25 cm. from the eye for comfortable vision, although — 
nearer objects may be accommodated with a certain amount of strain. 
The power of accommodation generally decreases with age. ; 
The Mechanism of Vision.—So far a description has been given 
of the optical method by which objects seen form an image on the 
retina (*). The mechanism by which this image is conveyed to the 
brain so as to produce the impression of sight is still obscure. The 
retina consists of a large number of elements (of the order of five 
million in all) of two kinds, termed respectively the “ rods” and the 
“cones” (4). These are shown diagrammatically in Fig. 23, where a 
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Fig. 23.—Section through the Retina. 
A, Semi-diagrammatic. B. Schematic only. 
1. Membrana limitans interna. 6. Outer reticular layer. 
2. Nerve layer. 7. Outer nuclear layer. 
3. Layer of ganglion cells. 8. Layer of rods and cones. 
4. Inner reticular (molecular) layer. 9. Pigmentum epithelium. 
5. Inner nuclear layer. 10. Choroidea, 
11. Sclera. 


magnified section through a portion of the retinal layer is also given, 
When the retina is illuminated the cones become shorter and thicker, 
their tips receding from the normal unilluminated position. In and 
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around the rods and cones flows a peculiar photochemically sensitive 
fluid, which in the dark is of a deep reddish-purple colour, but which 
is rapidly bleached on exposure 
to light (5). This fluid is called 
the visual purple, and there seems 
now to be no doubt that it is in 
0-02 mm. some way connected with the 
phenomenon of vision. It has 
been found, for instance, that 
the rate at which it is bleached 
under radiation of different fre- 
quencies is proportional to the ~ 
sensitivity of the human eye to 
light of those frequencies (see 
p.:73): 

The rods and cones are not 
equally distributed over the sur- 
face of the retina. There is at 
a point about 6° below and in- 
wards of the optical centre of 
the eye an area, some 2 to 2-5 
mm. in diameter, over which 
there are very few rods at all, 
while the cones are very fine in 
structure and very closely packed 
(see Fig. 24). It is significant 
that it is at this region of the 
retina (termed the 
macula lutea, M 
in Fig. 22) that 
vision is most 
clear, and the 


muscles control- ! 
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always move these 

—Cones f fferent parts of v : 

Fig. 24. ae fee parts o a acthe image 
A. Equatoriai Region. of an object, or 6 

B. Periphery of Macula. part of an object, 

C. Margin of Fovea. to which attention 


D. Centre of Fovea. a being ed = 9 


at any instant is formed in each eye on the very 
centre of the macula, where vision is at its sharpest. 
This centre, termed the fovea centralis, is 0:24 to 
0-3 mm. in diameter, and consists entirely of cones 
of extremely fine structure, rods being completely Fic. 25.— Rod 
absent over an area about 0-8 mm. in diameter in and eee 
the centre of the macula. Over the other parts of joa) Part. of 
the retina the proportion of rods to cones steadily the Retina 
increases with distance from the macula, until at — (Greefi). 

the periphery they preponderate in a ratio of about sins 

10 to 1. ‘The diameter of the cones varies from 90-0015 to 
0-0054 mm. at the fovea. This is approximately the same as the 


image size of the smallest detail of an object which the optical 
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system of the eye is capable of resolving, for, on account of inter- 
ference of the light waves, two points cannot be distinguished if 
their angular separation at the eye is less than 1-2/vD, where D 
is the diameter of the pupil. Since the refractive index of the eye 
is 1-34, this angle becomes 1-2/1-34vD, and at a distance of about 
22 mm. this produces images which are about 0-003 mm. apart, for 
vy = 16,400 and D = 0-4 cm. It has been stated that two points 
cannot be resolved unless their images on the retina are separated 
by at least one unaffected cone (°). Many theories have been put 
forward to explain the phenomena of vision, but as most of these 
find their most searching test in the explanation they afford of the 
phenomena of colour vision, consideration of them will be postponed 
until after these phenomena have been described. 

From the descriptions of photometric apparatus to be found in 
later chapters of this book it will be seen that the eye is called upon 
to perform various tasks, viz. (a) to perceive small differences in the 
brightness of adjacent surfaces of either the same or different colours, 
(b) to perceive small differences of colour between equally bright 
adjacent surfaces, and (c) to perceive the flicker due to rapid alterna- 
tions of either equally bright but differently coloured surfaces, or 
identically coloured but unequally bright surfaces. The phenomena 
which do not involve colour differences will be dealt with first, and 
of these sensitivity to small differences of brightness is the most 
important. 

Contrast Sensitivity—In 1858 G. T. Fechner enunciated the 
law (“) that as the stimulus to the eye increased in geometric progres- 
sion, the resulting sensation increased in arithmetic progression. 
According to this law the difference of brightness just perceptible, 
6B, is proportional to 6, and the ratio 6B/B is termed Fechner’s 
fraction. The researches of A. K6nig and E. Brodhun (§) have 
shown that, while this ratio is fairly constant over a very wide range, 
it ceases to hold for values of B below about thirty candles per sq. 
metre (°). It should be mentioned here that as the illumination 
of the retinal image varies as the size of the pupil, which is inconstant 
and not under control, it is usual in sensitivity measurements to 
reduce all the results to those which would be obtained with a stan- 
dard pupillary aperture of 1 sq. mm. (*). For normal brightnesses 
it must be remembered that the actual illumination of the retinal 
image is probably at least ten times as great as this, while for very 
low brightnesses it may be thirty to forty times as great. 

In Fig. 26 are given curves showing the relation between §B/B 
and B for white light and for light of various frequencies. (For the 
sake of convenience, values of log,,B instead of B have been taken 
as abscissee.) It will be seen that for values of B above about 30 
photons the Fechner fraction falls very slowly to a practically 
constant value of about 1-8 per cent. With a normal pupillary 
aperture of 10 sq. mm. this critical brightness would be three candles 
per sq. metre. This is a normal illumination for photometric work, 
and it is recognised that if lower illuminations have to be used the 


_ * The name “photon” has been given to the unit of retinal illumination; i.e., the 
illumination of the retina when the brightness of the object looked at is one candle per 
square metre and the aperture of the pupil is ] sq. mm. (2°) 
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sensitivity is reduced (1"). At low intensities the contrast sensitivity 
for red light is much less than that for white or blue light. 
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Fic. 26.—Variation of Contrast Sensitivity with Brightness. 


Various more or less empirical expressions have been proposed to 
fit the contrast sensitivity curve at all intensities (17). None of these, 
however, is really satisfactory. 

The contrast sensitivity of the eye is reduced, especially at low 
values of field brightness, by reduction in the angular size of the field 
of view (1°). 

Since equality of contrast indicates equality of ratio of brightness, 
it has been suggested that when photometric observations are reduced 
the mean taken should be the geometric (antilog of mean log) instead 
of the arithmetic (14). The difference is generally too small, however, 
to be appreciable. 

Visual Acuity.—The ability to distinguish detail is very closely 
connected with the brightness of the object viewed, and the contrast 
which its details present to the eye. Individuals, as is to be expected, 
vary widely in this respect, but it has been found that in the case of 
black type printed on white paper there is always a limiting bright- 
ness above which no marked increase in visual acuity is perceptible. 


De iis Sohal 


54 - PHOTOMETRY 


The curves of Fig. 27 show the results obtained by Dow for red and 
green lights (1°). The ordinates represent, on an arbitrary scale, the 
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Fic. 27.—Visual Acuity. 


fineness of detail which can be recognised with the illuminations 
represented by the abscissee. These results agree well with those 
obtained in other experiments in which either speed of reading, the 
recognition of black type on white or coloured paper, or the dis- 
crimination of threads in a woven material, was used as the acuity 
criterion (1°). 

The dependence of visual acuity on colour and brightness may 
be described generally by the statement that decrease in the Fechner 
fraction results, ceteris paribus, in an increase of visual acuity. It 
appears, however, that acuity is higher with a monochromatic than 
with a composite light (1%). The subject is complicated by the 
increase of acuity brought about by pupillary contraction (see below). 

Forms of illuminometer for rough photometric work have been 
based on the ability to distinguish detail as a criterion (see p. 236 
and note (32), p. 373). 

Dark Adaptation of the Eye : Pupillary Diameter.—The enormous 
range of sensitivity possessed by the eye can readily be appreciated 
from the fact that the ratio of the brightness of objects seen by direct 
sunlight to that of the same objects seen by starlight on a clear 
moonless night is at least 10 million to 1. So perfect is the adapta- 
tion over a very extensive part of this range that alterations of 
brightness in a ratio of as much as 100 to 1 are scarcely noticed if the 
change be not too sudden, for a book may be read quite as comfort- 
ably in a room which is well lighted by artificial means as under the 
open sky at noon on a fine day in winter when the brightness of the 
pages is at least 200 times as great (18). This power of adapting 
itself to different conditions of lighting makes the eye useless for the 
direct measurement of luminous energy, and, as has been said already, 
photometry depends on the eye solely for the determination of the 
equality of two adjacent fields as regards either brightness or 
contrast (1%). 
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_ The process of adaptation, although so thorough, takes some little 
time for its completion, and the inability to see detail when the eye 
is brought suddenly from dark to bright surroundings, or vice versd 
is evidence of this. The contraction or opening of the iris, it is 
true, takes place very rapidly, but this motion is limited to a com- 
paratively small range, the minimum light admitted being at least 
one-twentieth of the maximum. It has been said, in fact, that the 
contraction of the iris under bright light is not so much for protection 
as for the improvement of the image on the retina, since it is a well- 
known consequence of the optics of image formation by lenses that 
the smaller the aperture through which the light is admitted, the 
more perfect the image formation through the elimination of the 
defect known as spherical aberration (see p. 23) (2°). Naturally a 
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Fic. 28.—Variation of Pupillary Diameter with Field Brightness. 


limit is set to improvement in this direction by the fact that the 
brightness of the image varies as the area of the aperture, and it is 
therefore only at comparatively high intensities that the iris is able, 
by stopping down, to improve the definition of the retinal image 
without decreasing its brightness below that required for easy vision. 
In support of this conclusion it may be mentioned that the iris also 
contracts when the eye is looking at very close objects (within about 
30 em.), a condition under which the effect of spherical aberration 
is more marked. The variation of pupillary diameter with bright- 
ness of the object looked at is shown in Fig. 28 (*!). This variation 
has been made the basis of a suggested method of absolute photo- 
metry (7). 

Since the range of adaptation is so much wider than can be 
accounted for by changes of pupillary diameter alone, it follows that: 
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the greater part of the process must be located in the retina, which 
in some way alters its sensitivity to suit the order of brightness of 
the images formed on it. The mechanism by which this is accom- 
plished is not yet understood, but it is a phenomenon of extreme 
importance in photometry, especially when surfaces of exceptionally 
low luminosity are being compared (28). The retinal sensitivity limit 
(defined as the reciprocal of the minimum observable, or threshold, 
brightness in photons) is, for the dark-adapted eye, about 7,000. For 
the same eye immediately after continued exposure to 2,000 photons 
the sensitivity limit is reduced to about 0-02 (74). Adaptation takes 
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Fra. 29.—Dependence of Sensitivity on Adaptation. 


place very rapidly in passing from dark to light and less rapidly from 
light to dark. In fact, the comparatively slow increase of sensitivity 
of the eye suddenly brought into a dark room is a matter of common 
observation. It has been found that a period of at least ten minutes 
is required for dark adaptation after the eye has been accustomed 
to normal daylight conditions, while full adaptation takes at least 
an hour after exposure to very intense illuminations (2°), 

The increase of sensitivity varies at different parts of the spectrum 
and the curves of Fig. 29 show the relative sensitivity limits 
(photons-') throughout the visible spectrum of the eye adapted to 
various degrees of brightness (26). The minimum illumination of the 
retina required to excite the sensation of (colourless) vision in the 
dark adapted eye has been studied by many workers (27) (see p. 67). 
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_ Glare; Effect of Lateral Ilumination—The temporary loss of 
sensitivity of the eye due to simultaneous or recent vision of an 
object, the brightness of which much exceeds that of the object looked 
at, is known as glare. It has been defined as ‘‘ embarrassment of the 
_ eyes or vision associated with strong light sensation ” (28), and is 

probably due to the fact that “the existence of (relatively) exces- 
sively bright areas within the field of vision tends to shift retinal 
adaptation toward that required for the brighter area. Whatever 
the process of adaptation, it is probable that one part of the retina 
is affected to some extent by the adaptation of another part ” (29). 
Thus, lack of sensitivity to contrast in a darker part of the field of 
view is the consequence of a general raising of the adaptation level © 
to Eee approaching that demanded by the adjacent brighter 
parts : 

There is but little quantitative work available on the subject (34), 
for one of the difficulties in defining or measuring glare is the fact that 
it does not seem to be simply related to visual acuity. Thus Cobb (2?) 
finds that, while for objects of relatively low brightness the presence of 
a surrounding field of relatively high brightness has the effect of 
lowering both the contrast sensitivity and the visual acuity, yet in 
the case where the surrounding field is slightly brighter than the test 
object, both visual acuity and contrast sensitivity are better than 
for a similar object surrounded by a dark background (°°). Sur- 
roundings of a brightness equal to or less than that of the test object 
appear to give the same results as dark surroundings. 

Cobb also investigated the effect of a bright source of light in the 
field of view of an eye looking at a test object (4). He found that 
the visibility of an object was reduced by an amount which increased 
with the brightness ratio of the source and object, and with diminu- 
tion of their angular separation (3°), except when the test object 
was very bright, in which case the presence of the lateral illumination 
produced an increase of visual acuity. Cobb also concluded that 
the retinal image of the lateral light did not cause any interference 
with vision (at least with a separation of 15° or over), but that this 
interference was due to light emanating from the bright source and 
scattered over the retina by reflection or diffusion in the eye media. 
This scattered light may be a sufficiently small fraction of that 
transmitted to cause no diminution in the clearness of an object 
looked at, but in the case of a very bright source it may seriously 
interfere with the sharpness of the image of a much less brilliant 
object (3°). 

There seems, then, to be no close parallelism between the impair- 
ment of contrast sensitivity or of visual acuity on the one hand, 
and the visual disturbance and discomfort generally described as 
“glare”? on the other. It seems that “the unpleasant feeling of 
dazzling and the disturbance of vision produced by dazzling are 
totally different things, and need by no means necessarily occur to 
the same extent at any given time ” (°”). Nutting has found that 
to an eye adapted to a field brightness of / candles per square metre 
the brightness of field which is just sufficient to produce discomfort 
is given by G = 3,600 F° (38). a, 

In photometry, no doubt, it is the disturbance of vision which 
it is necessary to avoid as much as possible. At the same time it is 
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well known that anything which tends to the discomfort, not of the 
eye alone, but of any organ of the body, induces fatigue and a 
consequent impairment of the capacity of the eye for accurate work, 
so that from this point of view any condition which can be described 
as glaring, even to a slight extent, must be avoided if the highest 
degree of photometric precision is to be achieved. This point will 
be further dealt with in a later chapter, when the psychology of 
photometric measurement is under consideration. It is to be noticed 
that a highly polished surface, by directly reflecting light from a 
source to the eye of an observer, may cause glare in the same way as 
a self-luminous source (3%). 

Veiling Glare.—Another so-called form of glare is the loss of 
sensitivity due to the interposition, between the eye and the object 
looked at, of a ‘‘ veil ”’ of luminous material, as, for example, a very 
slightly diffusing surface. The reduction of sensitivity is in this 
case simply due to a reduction of contrast, for it is clear that, if the 
brightness of the luminous surface be equal to that of the object looked 
at, small contrasts on the latter are reduced in effect to one-half of 
their true values. It is probable, too, that a tendency of the eye to 
focus on the “ veiling ’’ surface produces a further loss of efficiency. 

Variations in the Sensitivity of the Extra-Fovea! Retina.—What 
has been stated above has referred almost exclusively to foveal 
vision, naturally the most important for practical purposes. It is 
seldom realised how very imperfect is the outer part of the retina for 
accurate image perception. Its main function is to give a more or less 
vague impression of the field surrounding the object looked at, and 
so to act as a “ finder” for the macula, which, by means of very 
slight and rapid movements of the eyeball, is made to “ feel over ” 
the whole of the image just as the finger feels over a surface in order 
to obtain an accurate knowledge of its details. The limits of the 
visual field for a fixed right eye are shown in Fig. 30, where the 
curves marked B, Y, R and G@ show the limits of the field over 
which perception of the colours blue, yellow, red, and green is 
possible with moderate brightness (#°). As might be expected, the 
visual acuity varies greatly over this field, and the full curve of 
Fig. 31 shows the order of the variation across the retina along a line 
passing through the fovea (/) (#1). This curve applies to the light- 
adapted, or photopic, eye (**). In the dark-adapted, or scotopic (#), 
eye the acuity is much more constant over a range of 50° on either 
side of the fovea (broken line of Fig. 31), and, in consequence, with 
the dark-adapted eye the advantage of central vision is much less 
marked. It need scarcely be remarked that the curves of Figs. 30 
and 31 are liable to considerable variations from one individual eye 
to another. : 

Talbot’s Law.—So far it has been assumed that the illumination 
of the object looked at, and therefore of the retinal image, has 
remained steady, but the effect of rapid variations of illumination 
is of very great importance in photometric work, as will be seen 
when considering (a) the sector disc, in which the effective brightness 
of a surface is reduced by a rapid periodic extinction of the illumina- 
tion, and (b) the flicker photometer, in which the illumination of the 
field under observation is rapidly alternated from one intensity, or 
one colour, to another. 
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The sector disc is very widely used, and the principle on which 
it is founded was first proposed by Fox Talbot in 1834, and may be 
thus stated: “If a point of the retina is excited by a light which 
undergoes regular and periodic variations, and which has the 
duration of its period sufficiently short, it produces a continuous 
impression equal to that produced if the light emitted during each 
period were distributed uniformly throughout the duration of the 
period” (4%). It follows that the apparent intensity of an inter- 
mittent light bears to the actual intensity the ratio of the time of 


Fic. 30.—The Field of Vision for Different Colours at Moderate Brightness : Right 
Eye. (After Abney. Reproduced by permission of the Royal Society.) 
; Approximate Brightnesses. 
Blue, 1-2 c./sq.m. Red, 0-9c./sq.m. Yellow, 13 c./sq.m. Green, 6-3 ¢c./sq. m. 


exposure to the total time, provided the speed of alternation exceeds 
that at which flicker ceases to be perceptible. In this form it is 
known as Talbot’s law (44) (or sometimes the Talbot-Plateau law), 
and it has been found to hold at all flicker speeds above the necessary 
lower limit (4°), and down to a ratio of at least 3 per cent. for light 
of all colours, with an accuracy of at least 0-3 per cent. (#9). 

This law would be a natural consequence if the eye responded 
instantaneously to changes of illumination, or if the rates of sensation 
change were identical for both increasing and decreasing illumina- 
tions. The first alternative cannot be true, or flicker would never 
disappear, and the well-known phenomenon of persistence of vision 
would be absent (47). Like all physiological actions, the response of 
the eye to light, though rapid, is far from instantaneous (#%). It 
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has been found, in fact, that when light is admitted to the retina 
the sensation rises rapidly to a maximum which is in excess of its 
final steady value. This is possibly due to the fact that the final 
steady state is the result of an equilibrium between a “~ positive - 

luminous sensation effect and a ‘‘ negative ” fatigue effect, and this 
equilibrium is only attained at an appreciable time after the incidence 
of the illumination. The length of this time depends on the intensity 
of the illumination, being measured in seconds, or even minutes, for 
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very low illuminations, while at ordinary intensities it is only a few 
hundredths of a second. The results of experimental work on this 
point (4°) are given in Fig. 32, in which is shown the behaviour of 
lights of different colours at certain definite intensities (5°). Blue 
light produces by far the greatest overshoot, the sensation at 
0-07 sec. after initial exposure being at least five times as great 
as the final equilibrium value (94 photons). The effect is less 
marked for white and red lights (equilibrium value 124 photons), 
while with green it is comparatively slight. In the case of point 
sources of light there is no overshoot, except a very slight one for 
blue light (°!). The time lag in the perception of a decrease of 
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brightness is of importance in the photometry of a rapidly decaying 
luminescence (5). 

A cognate problem is the determination of the time necessary 
for the perception by the eye of a given amount of detail. 
This also depends on the brightness and colour of the field of 
view (5). 

Flicker Sensitivity :; Persistence of Vision.—In the statement of 


- Talbot’s law given above the condition was laid down that the 


alternations of brightness should be sufficiently rapid to avoid any 
sensation of flicker. The alternation period at which this sensation 
disappears depends on both the colour and intensity of the light. 
The period which may elapse between successive exposures without 
the appearance of flicker has been termed the duration period, or 
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the persistence. It has been measured at various intensities low, 
and the results found are shown in Fig. 33, in which the abscissze are 
retinal illuminations in photons (to a logarithmic scale), while the 
ordinates are the number of complete cycles per second at the limit 
of the flicker sensation for white light, 7.e., half the number of 
alternations between light and darkness which the eye is just 
incapable of distinguishing from a steady exposure when the period 
of light is equal to the period of darkness. This curve refers only to 
foveal vision. The persistence is somewhat less for the extra-foveal 
parts of the retina, so that flicker may be perceived by indirect 
vision when it is absent by direct vision (55). For coloured lights it 
has been found that the persistence is of about the same order 
throughout the visible spectrum so long as the luminosity remains 
the same (°°). (See also p. 249.) ; ; 
In practical photometry a more important condition than that 
of alternation of light with complete darkness is the alternation of 
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two lights of slightly differing intensities. Since one method of 
photometry depends on the disappearance of flicker when the alter- 
nating brightnesses are equal, it is naturally of the utmost importance 
to determine for variously coloured lights, and at various speeds of 
alternation, the difference of brightness which just produces the 
' flicker sensation. This has been studied extensively by Dow (57), 
who has found that the percentage difference of brightness detectable 
as flicker depends on both the intensity and frequency of alternation, 
the minimum for white light being about 14 per cent. at intensities 
of 10 metre-candles or over (natural pupil), between alternation 
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Fic. 34.-—Detectable Brightness Difference at various Flicker Speeds. 


frequencies of ten to fifteen per second. The results for white light 
are shown by the curves of Fig. 34 (°°). 

Visual Diffusivity.—The time lag in the perception of light and 
the phenomena of flicker have led Ives to propose the theory that 
the transmission of impressions from the retina to the brain takes 
place in a manner analogous to the conduction of heat through 
matter having a coefficient of diffusivity, this coefficient in the case 
of the physiological phenomenon differing in value with the frequency 
and intensity of the incident radiation (°°). This subject will be dealt 
with further in Chapter VIII., when the theory of the flicker 
photometer is considered. 

Colour Sensitivity : The Luminosity (Visibility) Function.—It has 
already been stated (p. 17) that the eye as a receptor of energy is 
not equally sensitive to light waves of all frequencies; in other 
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words, equal quantities of energy in the forms of blue and yellow 
lights do not produce the same amount of visual sensation. In fact, 
since radiations of different frequencies produce effects on the eye 
which differ in kind (colour) as well as in degree (intensity), it follows 
that no real equality can ever be attained. On the other hand, if 
the difference of colour be not too pronounced it is a matter of 
common experience in photometry (where, in fact, exact identity of 
colour is the exception rather than the rule) that the eye can give 
an equality judgment which can not only be repeated with reasonable 
accuracy by the same individual, but which will also agree with 
similar measurements made by other eyes so long as these do not 
possess any marked peculiarity as regards colour vision. “The 
mind appreciates the illuminations as equally bright when they 
make equal claims on the attention. What determines this claim is 
obscure, and in any case does not concern us here ; the important 
point is the experimental fact that for radiations of different wave- 
lengths there is an unique relation between the quantities received 
by unit area of the retina for which the radiations will be regarded 
as equally bright ”’ (6°). The inverse ratio of the energies, in radiation 
of two different frequencies, which will produce the same visual 
effect is defined as the relative luminosity (or visibility) at these 
two frequencies, and the reciprocal of the energy required to produce 
a certain degree of visual sensation at any frequency may, therefore, 
be termed the “ luminosity ” of radiation of that frequency. The 
luminosity of a given heterochromatic radiation is, therefore, the 
sum total of the products found by multiplying the energy at each 
frequency by the luminosity of radiation at that frequency. This 
function is the factor which converts the physical quantity “ energy ” 
into the psycho-physiological quantity “light.” It is, therefore, of 
the utmost importance in photometry, and great care has been 
devoted to its accurate determination at all frequencies within the 
visible spectrum (see later, Chapter X., p. 294). The values obtained 
for normal values of field brightness (30 photons or over) are shown 
in tabular form in Appendix IV., p. 471, and graphically in Fig. 186, 
p. 295. 

The original determinations made by K@nig (®) included also 
results at various degrees of brightness, and from these the table 
shown on page 65 has been calculated (®?) to show the variation of 
the luminosity function with intensity. The table shows very clearly 
that from the threshold of vision up to about 0-5 photon there is 
but little alteration in the luminosity function, while from 15 photons 
upwards a second steady state is reached. Between these limits, 
however, there is a region of marked change, as shown in Fig. 35, 
where the frequency of maximum luminosity is plotted against 
intensity. This region is, as will be seen in the next paragraph, 
of great importance in photometry. . 

Before leaving the luminosity curves mention must be made of 
the mechanical equivalent of light. This has been variously defined, 
but it is now generally taken to mean the rate of energy flow 
(measured in watts, or in ergs per sec.) which, if entirely concentrated 
in luminous radiation of the frequency of maximum luminosity, 
would be equal to one unit of luminous radiation as evaluated 
photometrically (see also p. 296), 
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Taste or VatuEs or THe Lumrnosrry (VisIBILITy) FUNCTION THROUGHOUT THE 
SPECTRUM AT VARIOUS VALUES or Fretp BrIGHTNass. (Recalculated from 
A. K6nig’s values.) 


% 


Brightness 

(Photons). 0:00016 | 0:0015 | 0:0242 | 0:385 | 1:54 6:16 24-6 98:6 | 398-5 

r v 
(mu.) | +100 

430 233 | 0-081 | 0-093 | 0-127 | 0-128 | 0-114 | 0-114 = _- — 
450 222 | 0-33 0-30 0-29 0-31 0-23 0-175 | 0-16 — _ 
470 213 | 0-63 0-59 0-54 0:58 0-51 0-29 0-26 0-23 — 
490 204 | 0:96 | (0-89) | (0-76) | (0-89) | (0-83) | 0:50 0-45 0:38 0:35 
505 198 1:00 1:00 1:00 1:00 0:99 | (0:76) | 0-66 0-61 0-54 
520 192 | 0-88 0-86 0-86 0-94 0:99 | (0-85) | 0-85 0-85 0-82 
535 187 | 0-61 0-62. | 0-63 0:72 0-91 | (0-98) | 0-98 0:99 0-98 
555. 180 | 0-26 0-30 0-34 0-41 0-62 0-84. 0-93 0:97 0:98 
575 174 | 0-074 | 0-102 | 0-122 | 0-168 | (0-39) | (0-63) | (0-76) | (0-82) | (0-84) 
590 169 | 0-025 | 0-034 | 0:054 | 0-091 | 0-27 0-49 0-61 0-68 0-69 
605 165 | 0-008 | 0-012 | 0-024 | 0-056 | 0-173 | 0:35 | (0-45) | 0-54 0:55 
625 160 | 0-004 | 0-004 | 0-011 | 0-027 | 0-098 | 0-20 0:27 0:35 0:35 
650 154 | 0-000 | 0-000 | 0-003 | 0-007 | 0-025 | 0-060 | 0-085 | 0-122 | 0-133 
670 149 | 0-000 | 0-000 | 0-001 | 0-002 | 0-007 | 0-017 | 0-025 | 0-030 | 0-030 - 
A max. 503 504 504 508 513 530 541 543 544. 
¥ max. + 100 199 198 198 197 195 189 185 184 184 
| | 


The Purkyné Effect.—It has long been known that if a red field 
and a blue field are illuminated so as to have the same brightness, 
a reduction of the illumination of both fields in the same proportion 
will cause the red field to appear darker than the blue after a certain 
limit of reduction has been reached (8). This is on account of the 
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Fia. 35.—Frequency of Maximum Luminosity. 


change in the luminosity function at low intensities (see previous 
paragraph). It is not noticeable for frequencies from v = 20,000 
to v = 25,000, as the ratio of the ordinates of the luminosity curves 
at high and low intensities is approximately constant over this 
range (°4). The ratio, however, changes rapidly between 15,000 and 


P Fr 


a 


66 PHOTOMETRY 


20,000, so that a ratio of 1: 3 at 21,000 becomes a ratio of 1522 at 
17,000. The intensity at which this effect becomes noticeable is 
found from Fig. 36, which shows the relation between the ratio 
Ky,/Ky, and intensity for the pair of wavenumbers »; = 16,900 
and. v, = 19,200 (°°). 
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Fic. 36.—The Purkyné Effect. 


The Purkyné effect renders the photometric comparison of 
differently coloured lights at low intensities almost impossible, unless 
the surfaces concerned be very small, for it has been found that the 
effect is absent at the fovea (°°). In fact, if a blue and a red surface 
be matched at a low value of brightness, the red will appear brighter 
than the blue if the areas of both surfaces be reduced so as to cause 
both images to fall on the central (rod-free) part of the macula lutea. 
This phenomenon is known as the ‘‘ yellow-spot effect.” 

Chromatic Sensitivity.—The number of parts into which the visible 
spectrum can be divided so that each part can just be distinguished 
in hue from the parts next to it varies greatly with individuals, 
viz., from about thirty to fifty, even for those with what would be 
termed “‘ normal” colour vision (®*). A considerable percentage of 
individuals have defective colour-vision to a greater or less extent, 
though, unless pronounced (as in the really ‘* colour blind ”’), it often 
remains unsuspected for a long time. The eyes of such individuals 
naturally have not the same form of luminosity curve as that shown 
in Fig. 186, and their readings in photometry where there is any 
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considerable colour difference are consequently unlike t 

would be given by the normal eye (see p. 263). ‘ eres 
At has been found that the just perceptible difference of frequency 

which can be detected by the normal eye is different at different 

. parts of the spectrum. The curves of Fig. 37 show the ‘“‘ chromatic 

sensitivity (least perceptible wave-number and wave-length 

difference respectively) throughout the spectrum (®8), 
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Fic. 374.—Chromatic Sensitivity (Wayve-Number Basis). 


In connection with the measurement of colour (see Chapter X., 
p. 307), it is of interest to know what is the least proportion of white 
light which can be added to any given coloured light before the 
change of hue becomes perceptible to the eye. This subject has been 
studied by several workers, but the results obtained are, as might 
be expected, somewhat diverse (°°). The least perceptible increment 
of colour depends on the intensity and degree of coloration of the 
field, and on the hue of the added colour. The least amount of a pure 
colour which is just noticeable when added to white is of the order 
of 1 per cent. for the more saturated colours, red and blue, and about 
2 per cent. for yellow and green. 

Extinction of Colour : Threshold of Vision.—It is readily shown 
by experiment that the sensation of colour is lost before the sensation 
of light, especially in the case of the higher frequencies (7°). Curve A 
of Fig. 38 shows the brightness at which recognition of colour ceases 
(mean of two observers) at different parts of the spectrum. Curve B 
shows the values at which the sensation of light ceases for a scotopic 
eye (71) (see also p. 56). The ordinates are the logarithms (to 
base 10) of the intensities in photons. It will be seen that at the 
red end of the spectrum both sensations disappear almost simul- 


taneously, while at the blue end the colour is lost Jong before the 
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light has disappeared (72). At intermediate intensities the sensation 
is that of a nondescript grey. This interval between the threshold 
of light sensation and the lower limit of colour perception is known 
as the “ photochromatic interval,’ and has been found to increase 
greatly from fovea to periphery (7). At the other end of the scale, 
it is to be noticed that at a sufficiently high intensity the tendency 
of all colours is to become yellowish-white. 
Limit of Visibility.—It is not often in photometry that recognition 


tia ie oe 
boa 
NALA 


ao 


"ie ed ~ se had 
* V Bes i , . 


400 500 ° 
Wave Length (we) 


Fic. 378.—Chromatic Sensitivity (Wave-Length Basis). 


of extremely small and faint sources of light is required, but this is 
of great importance in problems connected with the visibility of faint 
signal lights of various colours. At very low intensities it has been . 
found that the visibility depends mainly on the total candle-power . 
of the object, and very little on either its actual brightness or its 
size alone so long as it subtends an angle of less than 50’ at the 
eye (74), This means that for very low intensities the physiological | 
effect of light is cumulative and independent of the area over which 
it is distributed up to the limit mentioned. As the source increases 
in size to a diameter of about 4° the effect of accumulation becomes 
less, and above this limit the apparent brightness is proportional to 
the real brightness, provided the limiting amount of light (i.e., the 
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threshold amount required to produce visibility) is incident on the 
area occupied by a single cone of the retina. The amount of white 
light required just to produce visibility (the ‘ threshold quantity ’’) 
is that given by a source of a candle-power between 0-1 and 0-2 at 
a distance of about 1,000 metres. This amount increases as the 
Square of the distance between the source and the observer (75), so 
that results of this kind may conveniently be expressed in terms of 
the illumination of a surface placed in the position of the eye of the 
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Fic. 38.—Extinction of Light and Colour. 


observer. The above figures of visibility for white light, wz., 1 to 
2 x 10-7 metre-candles, refer to foveal vision. In the case of green 
or blue light, however, the threshold quantity is much less for 
regions of the retina at a short distance away from the fovea, so 
that these lights, even if invisible when directly looked at, may be 
“ squinted ” by directing the attention to a point at a small angular 
distance away from them. 

The visibility of coloured lights has been studied by Broca and 
Polack (78), who have found that for red lights the visibility is better 
by foveal vision, the illumination required at the eye in this case 


70 PHOTOMETRY 


being about 2 x 10-7 metre-candles, while for peripheral vision — 
more than twice this illumination is required. The extinction point 
for colour is practically the same as that for light. For blue-green 
light, peripheral vision is better than foveal, the illuminations 
required being about 2 X 10-8 metre-candles (77) and 1-2 x 10-§ 
metre-candles respectively for recognition of light, and 8 x 10-* 
metre-candles and 5 X 10-® metre-candles for recognition of colour. 
With white light recognition is easier by peripheral vision, the 
limiting illumination being 3 x 10-8 metre-candles. For foveal 
vision the light appears white down to a limit of about 4 x 10-® 
metre-candles, and below this it appears reddish, but is still recog- 
nisable as light down to the limit stated above. It follows that the 
Purkyné effect found in the case of extended surfaces is reversed 
for point sources when seen by foveal vision (78). The effect of a 
neighbouring bright light on the ability to distinguish the colour of 
a small source has been investigated by F. Gotch (7°). 

The Visibility of Light of Brief Duration.—The figures just given 
refer to steady lights continuously visible for sufficiently long periods 
to avoid any time effect. Much work has been done on the visibility 
of flashing lights (8°). It has been found experimentally that a point 
source giving an illumination EH at the eye for a brief period of time ¢ 
will be visible so long as (H — E,)t > aE#,, where E, is the limiting 
illumination for visibility of a steady source of the same colour, 
and a is a constant which may have any value between 0-15 
and 0-30 sec., according to the observer. The expression is not 
valid if ¢ be less than one-tenth or greater than about 2 to 3 sees. (8). 

Contrast and After-Image ; Spatial and Temporal Induction.— 
The effect produced in one portion of the retina by the illumination 
of a contiguous portion (spatial induction) is often referred to as 
** contrast ”’ (8), since it is of the same kind as that which would 
result on the supposition that any stimulus applied to one part of 
the retina produces a partial fatigue of all parts in its immediate 
neighbourhood for that particular kind of stimulus (8%). Thus the 
dark background of a small bright area appears to be darker near 
the edge of the bright patch than elsewhere, a bright red patch on 
a darker colourless background appears to be surrounded with a 
faint halo of a colour which is not far removed from its comple- 
mentary green (*4), and so on (**). The explanation of contrast 
effects may be partly psychological (8°). 

The peripheral part of the retina is particularly sensitive to 
brightness contrast, and this fact has been made the basis of a 
method of heterochromatic photometry (87). 

Corresponding with the above phenomenon of “ simultaneous 
contrast ”’ there is a temporal effect known as ‘‘ successive contrast.” 
It is a matter of common observation that after the eye has gazed 
for some time at a bright object it will, on the gaze being transferred 
to a featureless white surface, show a more or less blurred image of 
the object previously looked at. If the original object be colourless, 
the after-image will be dark grey (88), while if the original object be 
strongly coloured, the after-image will be of the complementary 
colour (see p. 303, infra). This phenomenon is known as the 
“negative ”’ or “ complementary ”’ after-image (8°), 

A rather more difficult after-image to observe is that which may 


THE EYE AND VISION a 


be noticed on closing the eye quickly after gazing at a bright light. 
The bright image seen is known as the “ positive ” after-image. It 
gives place to the negative after-image after a time interval depend- 
ing on the relative brightnesses of the exciting object and of the 
surface to which*the gaze is transferred (9°). The colour of the 
' positive or ‘‘ homochromatic ”’ after-image is the same as that of 
the exciting source. 

A related phenomenon is that which may be noticed when a very 
small bright object, such as an illuminated pinhole surrounded by 
a dark field, is gazed at steadily for some time. The brightness 
appears gradually to diminish with lapse of time, and in the case of 
an object near the limit of visibility, it frequently appears to wax ~ 
and wane if the gaze be directed to it continuously. 

The Mechanism of Vision.—Vision is the result of the incidence 
of light on the retinal layer. While self-luminous bodies are visible 
by reason of the light which they emit in the direction of the 
observer’s eye, an illuminated body is only visible by reason of the 
light which it receives from some self-luminous body and returns 
to the eye by reflection from each element of its surface. Frequently 
the light suffers many reflections in its passage from the luminary to 
the eye, but in all cases it is an image of the last reflecting surface 
(unless this be highly polished so as to act as a mirror) which is 
formed on the retina. The retina receives radiant energy in the 
form of electromagnetic waves ; the brain receives, by means of the 
optic nerve, the sensation of light. It is the intermediate mechanism 
that must be considered in this paragraph, as on this depends the 
explanation of the relation between the energy stimulus and the 
visual perception, which is an all-important factor in the measure- 
ment of light. 

It is here that the physiological and psychological links in the 
chain connecting stimulus with impression must be considered. In 
both of these regions, but especially the latter, the existing state of 
knowledge is still very incomplete. The connecting link between the 
retina and the cerebral region, which is the seat of vision, is the 
optic nerve, and this, although itself insensitive to light waves, can 
be stimulated apart from the retina, and then the sensation of light 
is produced according to Miiller’s law (°"). 

The Trichromatic Theory.—Various theories have been put 
forward as to the manner in which the physical stimulus, the light 
energy, acts on the different elements in the physiological receptor, 
the retinal cerebro-neural system, so as to stimulate it in such a way 
as to evoke the sensations of light and colour. Of these the earliest, 
and the one which still seems to afford a satisfactory groundwork, 
is the trichromatic theory of Thomas Young (*), elaborated by 
Hermann von Helmholtz (%). According to this theory, the receiving 
mechanism in the eye is three-fold, each part, when stimulated, giving 
rise to one of the primary sensations of red, green and blue. Hach 
mechanism has a “ luminosity curve” similar to that of the eye as 
a whole (see p. 295), the maximum in each case being in the spectral 
region which gives its name to the sensation. These luminosity 
curves are shown in Fig. 188 (p. 299). Their form has been arrived 
at by studying the phenomena of colour mixture and the vision of 
colour-blind subjects in whom, it is supposed on this theory, one or 
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more of these primary sensations is absent or deficient. The resultant 
effect produced on a normal eye by light of any given frequency is 
the mixed sensation due to the stimulation of the three primary 
sensations in the proportion indicated by the ordinates, at that 
frequency, of the three curves of Fig. 188. The sensation white 
results from the simultaneous stimulation of all three sensations in 
the correct proportions, and the curves of Fig. 188 have been redrawn 
in Fig. 190 (p. 301) in such a way that, when sensations represented 
by equal ordinates on each of these three curves are combined, the 
resultant sensation is white. The use of these curves for the specifica- 
tion of colour on a scientific basis and the study of the effects of 
mixing lights of different colours will be described in Chapter X., 
but, as an example of the adequacy of the Young-Helmholtz theory 
to account for the phenomena of colour mixture, the effect of super- 
posing a red and a green light on the retina may be considered here. 

It will be seen from Fig. 190 that light for which »v < 14,900 
excites only one sensation, the red, while light of any other frequency 
excites two (v < 17,200), or all three sensations in varying propor- 
tions. It follows that when light from the red end of the spectrum 
is added in suitable proportion to spectrum green, the result will 
appear to the eye as a mixture of spectrum yellow together with 
white, for the blue sensation evoked by the green light will combine 
with equal amounts of red and green sensation to give white, and 
the remaining red and green sensations will, in combination, give 
the same sensation as a spectrum yellow. The effect thus predicted 
by the theory is in complete agreement with the experimental 
facts (%). 

Many of the phenomena of colour vision described in the fore- 
going paragraphs may also be accounted for satisfactorily on the 
Young-Helmholtz theory. The Purkyné effect, for instance, may be 
explained on the assumption that the limits of the red, green and 
blue sensations are reached in the order named as the intensity of 
the light is reduced. The theory fails, however, to account for the 
colourless vision at low intensities. To overcome this difficulty, 
J. von Kries proposed (°°) the “ duplicity ” theory of vision, according 
to which the rods are the percipient agents for the sensation of 
luminosity, but have nothing to do with the appreciation of colour 
which resides in the cones alone. This theory, which must be 
regarded as an extension of the Young-Helmholtz theory, has the 
additional advantage of satisfactorily accounting for the regional 
variations of colour and light sensitivity mentioned in previous 
sections of this chapter (e.g., pp. 58, 66), as a result of the manner 
in which the rods and cones are distributed over the retinal surface. 

The growth of visual sensation and positive after-image must be 
regarded as due to a time-lag in the mechanism which translates 
stimulus into sensation. ‘* Over-shoot ”’ and negative after-image 
may readily be explained by assuming that the action involved in 
the production of sensation also sets up an opposing action, which 
may be of the nature of fatigue of the physiological action or 
inhibition of the psychological perception (®*). The equilibrium 
sensation resulting from continued constant stimulus is, then, the 
balance between action and inhibition when both have attained a 
steady value. The case is exactly analogous to a reversible chemical 
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system in which a supply of energy at a given rate results in a shift 
of the balance point between the two opposed reactions. Contrast 
effects could result from the spread of inhibition to neighbouring 
areas, otherwise their basis must be placed in the psychological 
. phase, 7.e., they must be classed as “ illusions,” having no physical 
or physiological origin. 

The chief difficulty in reconciling the Young-Helmholtz-von 
Kries theory with the known facts of physiology is the total absence 
of any apparent triplicity in either the rods or the cones. This has 
led F. W. Edridge-Green (97) to make the visual purple (see p. 51) 
the essential element in light perception. Photo-chemical action in _ 
this substance stimulates the ends of the cones, and the nature of 
this stimulus, being dependent on the range of frequency of the 
light, is translated into colour sensation by a special perceptive 
centre in the brain. On this theory the rods, under the influence of 
light, produce and circulate the visual purple, but have no perceptive 
function, the cones being the sole percipient retinal elements. An 
interesting fact in connection with this theory is the similarity, 
already mentioned, between the scotopic luminosity curve of the 
eye and the rate of bleaching of visual purple by equal quantities 
of light energy of different frequencies (see Fig. 39) (98). Dark 
adaptation is the result of a gradual increase in the concentration of 
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Fic. 39.—The Bleaching of the Visual Purple. The crosses show observed rates of 
bleaching. The full line is the scotopic luminosity curve. 


visual purple in the fluid surrounding the cones. The increase of 
acuity of central vision produced by illumination of the background 
(see p. 57) is explained as being due to the increased production of 
the visual purple by the rods under the stimulating action of the 
general illumination, and the diffusion into the rodless fovea of the 
visual purple thus formed (%°). 
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It will be noticed that the Edridge-Green theory does not define 
the nature of the stimulus communicated by the visual purple to the 
cones, nor the way in which the nature of this stimulus varies with 
the frequency of the light (1°). Theories depending on electrolytic 
dissociation (1°) and photo-electric action (1%) have been pro- 
pounded, but for an account of these and the other principal theories 
of vision the original papers should be consulted (1%). 

One other theory of which particular mention must be made 
is that of E. Hering (1%), in which the possible sensations in vision 
are divided into three pairs, viz., black-white, red-green, and yellow- 
blue. Corresponding with each pair is a hypothetical visual substance 
which undergoes chemical change in one direction when the retina 
is illuminated by light giving the first-named sensation in the pair 
(e.g., red), while the other sensation (green) is the result of chemical 
change in the opposite direction. This theory provides an adequate 
explanation of the most important phenomena of contrast, but it 
shares with the three-colour theory the disadvantage of requiring 
triplicity in the retinal sensitive structure. 

In conclusion it must be emphasised that all that it has been 
possible to give in the foregoing sections is a disjointed and totally 
inadequate description of some of the phenomena of vision, most 
attention having necessarily been devoted to the particular aspects 
of the subject which are of greatest importance in everyday photo- 
metry. A lack of appreciation of the peculiarities of the visual 
process has led repeatedly to the publication of results which are 
totally lacking in value, either because they refer to a condition of 
the eye which is different from that prevailing in ordinary cireum- 
stances or because insufficient details are given to enable the results 
to be correlated with other data obtained, probably, under quite 
different visual conditions. The influence of field size and brightness 
on the results obtained by means of a flicker photometer may be 
cited as a particular example. It is more than likely that in many 
of the branches of practical photometry there are unrecognised sources 
of uncertainty which may, later on, be traced to some at present 
unsuspected phenomenon of vision. 


BIBLIOGRAPHY 
CONSTRUCTION OF THE EYE AND OPTICAL CHARACTERISTICS 


M. Tscherning. ‘‘ Optique Physiologique.’’ (Masson, Paris, 1898). 

A. Kénig. “ Gesammelte Abhandlungen zur Physiologischen Optik.” 
(Barth, Leipzig, 1903.) ; 3 

W. Nagel. ‘‘ Handbuch d. Physiologie des Mensehen.”’, Vol. III. (Vieweg 
Brunswick, 1909.) Se 

EK. Hering. “ Grundziige d, Lehre yom Lichtsinn.”’ Chapter XII. in 
Part I., Vol. III. of Graefe-Saemisch ‘‘ Handbuch d. ges. Augenheilkunde.” 
(2nd edition, Engelmann, Leipzig, 1905.) ; ns 

H. von Helmholtz. ‘Handbuch d. Physiologischen Optik.” (3rd 
edition, Voss, Hamburg and Leipzig, 1909-11.) (English trans. by J. P. C, 
Southall et al., Opt. Soc. America, 1924-5. Vol. II. of this translation contains 
a very full bibliography of recent work on physiological optics.) 

E. A. Schifer and J. Symington. ‘ Quain’s Elements of Anatomy.” 
Vol. III., Part Il. (Longmans, 1909.) ' 

N. M. Black. Tllum. Eng. Soc. N. Y., Trans., 10, 1915, p. 562. 

W. E, and R. Pauli, * Physiologische Optik.’ (Fischer, Jena, 1918.) 


THE EYE AND VISION 75 


SENSITIVITIES OF THE EyE 


H. Aubert. “ Physiologie d. Netzhaut.” (Breslau, 1865.) 

J. Plateau. “ Bibliographie Analytique des Principaux Phénoménes 
Subjectifs de la Vision.” (Literature to 1882.) 

1o12) G. Nutting. Outlines of Applied Optics.” (Blakiston, Philadelphia, 
W. de W. Abney. ‘“‘ Researches in Colour Vision and the Trichromatic 
Theory.” (Longmans, 1913.) 

a Piéron. Revue Gén. des Sci., 31, 1920, pp. 620 and 656, and 32, 1921, 
p. ; 

L. T. Troland. “The Present Status of Visual Science.” National 
Research Council, Washington, Bull., 5, 1922, No. 27. (Contains a 
bibliography.) 

W. Peddie. “Colour Vision.” (Arnold, 1922.) 

J. Guild. Article ‘‘ The Eye as an Optical Instrument,” in Dict, Appl. 
Phys., Vol. IV. (Macmillan, 1923.) 

See also Addenda, p. 83. 


THEORIES OF VISION 


_J. H. Parsons. “Introduction to the Study of Colour Vision.” (Cam- 
bridge University Press, 1924.) 


REFERENCES 


(1) ‘‘ Bei der Beurteilung von Licht in der Beleuchtungstechnik hat man zu beachten, 
dass Licht nicht eine rein physikalische Erscheinung ist, sondern auch in seinen physiolo- 
gischen Wirkungen betrachtet werden muss. Bei Lichtmessungen kann man daher in 
letzter Linie die Mitwirkung des menschlichen Auges nicht entbehren ” (F, Uppenborn 
“Lehrbuch d. Phot,” p. 1). 

(2) These figures are only approximate. See H. von Helmholtz, ‘‘ Handbuch der 
Physiologischen Optik” (3 Aufl.), vol. 1, p. 87 [107], or W. Nagel, “‘ Handbuch der 
Physiologie des Menschen,”’ vol. 3, p. 39. 

(3) For a description of the dioptrics of the eye as regards spherical aberration, axial 
chromatic aberration and oblique astigmatism, see A. Ames and C. A. Proctor, Opt. Soc. 
Am., J., 5, 1921, p. 22. On the chromatic aberration of the eye, see H. Hartridge, J. of 
Physiology, 52, 1918, p. 175. 

(4) On the function of these elements in vision, see, e.g., V. O. Sivén, Skandinavisches 
Arch. f. Physiologie., 17, 1905, p. 306. 

(5) F. Boll. Reale Accad. dei Lincei., Mem., 1, 1877, p. 371; Berlin Ber., 1876, 
p. 783, and 1877, pp. 2 and 72; Quarterly J. of Microscopical Sci., 7, 1877, pp. 152 and 
226; Ann. de Chim., 11, 1877, p. 106. 

W. Kiihne. Naturhist.-Medicin. Verein, Heidelberg, Verh., 1, 1877, p. 484; Ann. de 
Chim., 11, 1877, p. 111; Rev. Scientifique, 11, 1877, p. 841; Nature, 15, 1877, 

. 296. 
B (6) See, however, A. Broca, OC. R., 132, 1901, p. 795, and H. Hartridge, J. of Physiology, 
57, 1922, p. 52; Phil. Mag., 46, 1923, p. 49. 

The term “ visual acuity’ has been used to denote the reciprocal of the angular 
separation, in minutes, which is just perceptible to the eye. See “ L’Hygiene de Phil” 
(Bureau Int. de Travail, 1923), p. 60. 

(7) A corollary of E. H. Weber’s law of sensation, See Leipzig Abh., 4, 1859, p. 455. 

See also P. Bouguer, “ Traité d’Optique,”’ p. 52. 

K. A. v. Steinheil. Miinich Abh., 2, 7837, p. 80. 

A. Masson. Ann. Chim. Phys., 14, 1845, p. 150. 

D. F. J. Arago. Céuvres Completes (Paris, 1858), vol. 10, p. 255. 

S. Lamansky. Graefe’s Arch. f. Ophthalmol., 17, 1877 (I.), p. 123. 

W. Dobrowolsky. Graefe’s Arch. f. Ophthalmol., 18, 1872 (I.), p. 74. 

J. Plateau. Acad. Roy. des Sci., Brussels, Bull., 33, 1872, p. 376; C. R., 75, 1872, 
p. 677; Pogg. Ann., 150, 1874, p. 465. : 

H. R. Aubert. ‘“‘ Grundziige d. physiol. Optik,’ (vol. 2 of “‘ Handbuch, d. ges. 
Augenheilkunde,”’ A. Graefe u. T. Saemisch., Leipzig, 1876), p. 487. 

J. Macé de Lépinay and W. Nicati. C. R., 94, 1882, p. 785. 

C. Wiener. Wied. Ann., 47, 1892, p. 659; J. de Phys., 2, 1893, p. 525. 

C. L. Morgan. Roy. Soc., Proc., 68, 1901, p. 459. 

O. Schirmer. Graefe’s Arch. f. Ophthalmol., 36, 1890 (IV.), p. 121. 

On the use of Fechner’s law as a basis for photometry, see H. Lissagaray, Moniteur 
Scient., 10, 1868, p. 299. 

(8) Berlin Ber., 7888 (2), p. 917, and 1889 (2), p. 641. rill ose 2 

(9) See also P. G. Nutting, Bureau of Standards, Bull., 3, 7907, p. 59; El. World, 


16 PHOTOMETRY 


; ; , en ES , : Se eee 
51, 1908, p. 1371; Illum. Eng., 1, 1908, p.'781; Ilum. Eng. Soc. N. Y., Trans., 
jon ike re . Inst., J., 180, 1915, p. 482; El. World, 69, 1917, p. 41; Kodak I ubl., 2, 
19165, p. 54. : * be ES, 

J. Einushaed: Phys. Rev., 11, 1918, p. 81; Rev. Gén. de VEL, 4, 1918, p. 4 
(The difference between the results of Blanchard and those of Kénig and Brodhun (p. 89) 
is apparently due to the fact that the latter used a 1 mm. pupil while Blanchard used the : 
natural pupil.) : ; 

_E. Karrer and E. P. T. Tyndall. Bureau of Standards, Bull., 15, 1920, p. 679; Rev. 
@Optique, 2, 1923, p. 480. 
_ A. Duschek-Frankfurt. Wien Ber. (IIa.), 131, 1922, p. 171. . 

(10) See L. T. Troland, Frank. Inst., J., 182, 1916, p. 112; Ilum. Eng. Soc. N. Y., 
Trans., 11, 1916, p. 947; J. of Experimental Psychol., 2, 1917, p. 1. ’ 

_ (11) See also J. Dauber, Marbe’s Fortschritte d. Psychologie, 3, 1914, p. 102 ; Zoi Ee 
35, 1915, p. 308; J.G.W., 59, 1916, p. 316. Dauber finds a much higher optimum value 
for photometric accuracy, viz., 80 candles per square metre. : 

- (12) A. Stefanini. N. Cimento, 31, 1892, p. 235; J. de Phys., 2, 1892, p. 578. 

H. von Helmholtz. ‘“ Physiol. Optik,” (3rd ed.), vol. 2, p. 147. [Eng. trans., p. 175.] 

E. Hertzsprung. Z. wiss. Photog., 3, 1906, p. 468. a, 

P.G. Nutting. Phys. Rev., 24, 1907, p. 202 ; Bureau of Standards, Bull., 3, 1907, p. 59. 

C. Henry. C. R., 145, 1907, p. 638. 

W. Peddie. ‘‘ Colour Vision,’ chap. IV. 

P. Lasareff. | Rev. d’Optique, 3, 1924, p. 65; C. R., 178, 1924, p. 1432; Rev. 
d’Optique, 4, 1925, p. 107. ; ‘ 

S. Hecht. J. of Gen. Physiol., 7, 1924, p. 235. 

(13) P. Reeves. Opt. Soc. Am., J., 1, 1917, p. 148; Kodak Publ., 3, 1917, p. 95. 

(14) L. Seidel. Mimich Abh., 9, 1863, p. 426. 

H. Seeliger. Astron. Nachr., 132, 1893, col. 209. 

(15) J. S. Dow. Illum. Eng., 2, 1909, pp. 233 and 488. 

L. Weber. Illum. Eng., 2, 1909, p. 345. 

See also L. Loeser, Graefe’s Arch. f. Ophthalmol., 69, 1908, p. 479. 

(16) W. Nicati. C. R., 114, 1892, p. 1107; J. de Phys., 3, 1894, p. 80. 

A. Konig. Berlin Ber. (Mittheil.), 1897, p. 375; Berlin Ber., 1897, p. 559. 

A. Druault. Tscherning’s ‘‘ Optique Physiologique ” (Paris, 1898), p. 260. 

C. Oguchi. Graefe’s Arch. f. Ophthalmol., 66, 1907, p. 455. 

F. Laporte and A. Broca. Soc. Int. des Elect., Bull., 8, 1908, p. 277. 

V. H. Mackinney. Brit. Opt. J., 7, 1907, pp. 27 and 39. 

8. W. Ashe. El. World, 53, 1909, p. 495. See also J. S. Dow, ibid., 54, 1909, 
p. 153. 

Departmental Com. on Lighting in Factories and Workshops, First Report (H.M. 
Stationery Office, Cmd. 8,000, 1915), vol. 1, p. 35. 

W. Korff-Petersen. Miinchener medicin. Wochenschr., 66, 1979, p. 649. 

M. Luckiesh, A. H. Taylor and R. H. Sinden. Frank. Inst., J., 192, 1927, p. 757; 
El. World, 78, 1921, p. 668. 

S. W. Ashe. Gen. El. Rev., 16, 1923, p. 257. 

J. E. Ives. U.S. Public Health Service, Reprint No. 973, 1924; Illum. Eng., 18, 
1925, p. 211. 

L. F. Pello’. Elettrot., 11, 1924, p. 548. 

- P, W. Cobb and F. K. Moss. Am.1.E.E., J., 44, 1925 
p. 132; Frank. Inst., J., 199, 1925, p. 507; Am.LE.E., J., 44, 1925, p. 672. 

L. Schneider, K.u.M. (Lichttechnik), 42, 1924, p. 277. 

W. Ruffer. H.u.M. (Lichttechnik), 43, 1925, p. 53. 

See also Addenda, p. 83. 

On the form of test for visual acuity, see, e.g., F. K. Richtmyer and H. L. Howes, 
Illum. Eng. Soc. N. Y., Trans., 11, 1916, p. 100. 

It has been proposed that the time taken to recognise a brightness contrast should be 
used as a means of measuring the contrast. See J. McK. Cattell, Am. Assn., Proc., 48, 
1899, p. 95; Science, 10, 1899, p. 438. - 

(17) See, e.g., H. Cohn, Arch. f. Augenheilkunde, 8, 1879, p. 408. 

W. Uhthoff. Du Bois Reymond’s Arch. f. Anat. u. Physiol. (Physiol. Abth., 1885, 
p. 331) ; Graefe’s Arch. f. Ophthalmol., 32, 1886 (I.), p. 171; idem, 36, 1890 (L.), p. 33. 

A. Kénig and W. Uhthoff. Deut. Phys. Gesell., Verh., 8, 1889, p. 9. 

A. Konig. Berlin Ber., 1897, p. 559 ; Deut. Phys. Gesell., Verh., 16, 7897, p. 128. 

H. Reichenbach. Z. f. Hygiene, ete., 41, 1902, p. 257. 

L. Bell. El. World, 57, 1917, pp. 1163 and 1569. 

S. W. Ashe. El. World, 57, 1911, p. 1514. 

M. Luckiesh and others. El. World, 58, 1911, pp. 450, 637, 1073, 1200, 1252 and 
1610; Electrician, 68, 1911, p. 486; Nela Bull., 1, 1913, pp. 45 and 49. 

J. 8. Dow. El. World, 58, 1911, p. 955. 

M. Luckiesh. Ilum. Eng. Soc. N. Y., Trans., 7, 1912, p. 135. 

M. Luckiesh. El. World, 62, 1913, p. 1160; Nela Bull., 1, 1917, p. 255, 

M. Luckiesh and F. K. Moss. Opt. Soc. Am., J., 10, 1925, p: 275. 


, p. 425; Illum. Eng., 18, 1925, 


THE EYE AND VISION ae 


C.K. Ferree and G. Rand. Tllum. Eng. Soc. N. Y., Trans., 15, 1920, p. 7 
1922, p. 69; E.T.Z., 43, 1922, p.1142. ee ee ae 

See also A. Polack, C.R., 176, 1923, p. 859. 

(18) See, e.g., L. B. Marks, Ilum. Eng. Soc. N. Y., Trans., 4, 1909, p. 828. 

(19) “ Nous croyons que cette régle indispensable de ramener dans cette rencontre tout 
au rapport d’égalité, ne*peut étre remplacée par aucune autre ; car ce rapport est le seul 
: oe ee on Ae ae de ne se pas tromper tout & fait grossiérement ” (P. Bouguer, “ Traité 

ique,”’ p. 43). 

(20) G. J. Rich. Am. J. of Psychology, 34, 1923, p. 615. [1924, p. 109. 

KH. Jackson. Am. J. of Ophthalmol., 5, 1922, p. 585; Am. J. Physiol. Optics, 5 

P. W. Cobb. Am. J. of Physiol., 36, 1915, p. 335; Nela Bull., 1, 1977, p. 252. 

(21) P. Reeves. Opt. Soc. Am., J., 4, 1920, p. 35; Psychol. Rev. (N. Y.), 25, 1918, 
p. 330 ; Kodak Publ., 3, 1917, p. 82: J. of Ophthalmol., 23, 1917, p. 616; Frank. Inst., 
J., 184, 1917, p. 717; Brit. J. of Photog., 64, 1917, p. 415; Opt. Soc. Am., J., 1, 1917, 
p. 1386; Kodak Publ., 3, 1917, p. 15. oF 

See also R. C. Richards, El. Rev., 29, 1891, pp. 416 and 445. $3 

C. Henry. Soc. de Biologie, C.r., 44, 1892, p. 935; C. R., 119, 1894, p. 347, and 120, 
1895, p. 1371; Lum. EL, 52, 1894, pp. 451, 510 and 614; cl. El. 1, 1894, pp. 337 and 
529, and 7, 1896, p. 73 ; Electrician, 33, 1894, p. 331. 

C. Braileanu. Ann. Sci. de Univ. de Jassy, 1, 1901, p. 262 (Sci. Abs., 1901, p 831). 

S. W. Ashe. El. World, 53, 1909, p. 495; Illum. Eng., 2, 1909, p. 275. é 

T. H. Blakesley. Phil. Mag., 20, 1910, p. 966. ; 4 

W. H. Steavenson. Brit. Astron. Assn., J., 26, 1916, p. 302. 

_. gv. Blanchard. Phys. Rev., 11, 1918, p. 81; Rey. Gen. de VEL, 4, 1918, p. 217; 
Z. f. Bel., 28, 1922, p. 17; E.T.Z., 44, 1923, p. 85. 

H. Laurens. Am. J. Physiol., 64, 1923, p. 97. 

J. W. French. Opt. Soc., Trans., 20, 1919, p. 209, and 21, 1919, p. 1. [p. 555. 

J. Couvreux. O.R., 178, 1924, p. 416, and 179, 1924, p. 346; Rev. d’Opt., 4, 1925, 

L. Bell. Illum. Eng. Soc. N. Y., Trans., 1, 1906, p. 181 (wrongly paged as page 3); El. 
.World, 47, 1906, p. 1243 ; Am. Acad. Arts and Sci., Proc., 48, 1907-8, p. 77; Illum. Eng., 
1, 1908, pp. 329, 414 and 507. ae 

On methods of pupilometry, see L. Bach, “ Pupillenlehre”’ (Berllin, 1908), pp. 252 
et seq. ; also A. Broca, C. R., 178, 1924, p. 415; Rev. d’Optique, 3, 1924, p. 493. 

(22) W. Ackroyd. Chem. News, 41, 1880, p. 179; Engineering, 29, 1880, p. 382. 

J. Gorham. Roy. Soc., Proc., 37, 1884, p. 425 ; Lum. EL, 14, 1584, p. 458 ; J. of Gas 
Lighting, 45, 1885, p. 58; J. de ’Ecl. au Gaz, 33, 1885, p. 167. See also A. Lipowitz, 
Pogg. Ann., 61, 1844, p. 140, and 63, 1844, p. 348. 

; F. Heeren. Dingler’s Polytechn. J., 93, 1844, p. 47. 

(23) See also L. Bell, Illum. Eng. Soc. N. Y., Trans., 6, 1911, p. 671; Z. f. Bel., 18, 
1912, p. 13. 

(24) Calculated from results given by J. Blanchard (Phys. Rev., 11, 1918, p. 84), 
using the pupillary diameters quoted for J. B. by P. Reeves (Opt. Soc. Am., J., 4, 1920, 
p. 39). See also, P. Reeves, Opt. Soc., Trans., 22, 1920, p. 1; Kodak Publ., 5, 1921, 
p. 167. 

(25) W. de W. Abney. “Colour Vision”? (London, 1595), p. 120. 

A. Broca. Legons d’Optique Physiologique ” (Paris, 1923), p. 93. 

P. Metzner. Deut. Phys. Gesell., Verh., 20, 1918, p. 183. 

See also P. G. Nutting, Frank. Inst., J., 183, 1917, p. 287; Illum. Eng., 10, 1917, p. 109 ; 
and 8S. Hecht, J. of General Physiology, 2, 1920, p. 499. See Addenda, p. 83. | 

(26) W. de W. Abney. Roy. Soc., Proc., 87, 1912, p. 147; “ Researches in Colour 
Vision and the Trichromatic Theory ”’ (London, 1913), p. 183. 

(27) H. Ebert. Ann. d. Phys., 33, 1888, p. 136. 

H. Parinaud. C. R., 99, 1884, p. 739. , 

W. de W. Abney and E. R. Festing. Roy. Soc., Proc., 49, 1891, p. 509; Phil. Trans., 
183, 1892, p. 581; J. de Phys., 2, 1893, p. 132: 

A. Pfliiger. Ann. d. Phys., 9, 1902, p. 185. 

W. de W. Abney and W. Watson. Phil. Trans., 216, 1914, p. 91. 

See also E. Engelking and F. Poos, Z. f. Sinnesphysiol., 56, 1924, p. 22. ; 

(28) P. W.. Cobb. ‘‘ Lectures on Illuminating Engineering ” (Johns Hopkins Univ. 
Press, Baltimore, U.S.A., 1911), vol. 2, p. 557. See also Reports of Committee on Glare, 
Illum. Eng. Soc. N. Y., Trans., 10, 1915, pp. 397, 987, and 1000, and 17, 1922, p. 743. 

(29) F. K. Richtmyer. Illum. Eng. Soc. N. Y., Trans., 10, 1914, p. 1009. ; 

(30) A brightness ratio of 100: 1 has been specified as the maximum contrast in the 
field of view which is just tolerable to the normal eye (Report of Committee on Glare, 
Tilum. Eng. Soc. N. Y., Trans., 11, 1916, p. 36). ite 

J. Blanchard. Phys. Rev., 11, 1918, p. 81; Rev. Gén. de VEL., 4, 1918, p. 217. 

(31) J. H. Parsons. First Report of Departmental Com. on Lighting in Factories and 
Workshops, vol. 1, 1915, p. 27. ; af 

(32) P. W. Cobb. Illum. Eng. Soc. N. Y., Trans., 8, 1913, p. 292, and 11, 1916, p. 372. 

P. W. Cobb and L. R. Geissler. Psychol. Rev. (N. Y.), 20, 1913, p. 425,; P. W. Cobb, 
ibid., 21, 1914, p. 23; Nella Bull., J, 1917, p. 246. 


2 


78 PHOTOMETRY 


P. W. Cobb. J. of Exp. Psychol., 1, 1916, pp. 419 and 540; Nela Bull., 1, 1922, p. 
(33) See also Chapter VI., p. 185. [41 
(34) P. W. Cobb. Am. J. Physiol., 29, 1911, p. 76; Nela Bull., 1, 1913, p. 37. 
(35) See also A. J. Sweet, El. Rev. (N. Y.), 60, 1912, p. 523. 

Report of Committee on Glare, Illum. Eng. Soc., N. Y. Trans., 11, 1916, pp. 29 and 

8 


518. 
P. G. Nutting. Frank. Inst., J., 183, 1917, p. 287; Illum. Eng., 10, 1917, p. 109; 
Opt. Soc. Am., J., 1, 1917, p. 134. 

M. Luckiesh and L. L. Holladay. Illum. Eng. Soc. N. Y., Trans., 20, 1925, p. 221; 
Licht u. Lampe, 1925, pp. 459 and 496; E.u.M. (Lichttechnik), 43, 1925, p. 119. 

U. Bordoni. C.LE., Proc., 6, 1924, p.349; Elettrot., 11, 1924, p. 585; 12, 1925, 
p. 183; E.u.M. (Lichttechnik), 43, 1925, p. 6. 

(36) C. V. Raman. Phil. Mag., 38, 1919, p. 568. 

(37) A. Borschke. Z. f£. Psychol. u. Physiol. d. Sinnesorgane., 34, 1904, p. 1, and 35, 
1904, p. 161. 

(38) P. G. Nutting. TIllum. Eng. Soc. N. Y., Trans., 11, 1916, p. 939, and 15, 1920, 
p. 529; Z. f. Bel., 23, 1917, p. 112; Ilum. Eng., 10, 1917, p. 89; Kodak Publ., 2, 1915, 
p. 94; Opt. Soc. Am., J., 4, 1920, p. 55; Rivista d’ottica e mechanica di precisione, 2, 
1922 (i.), p. 30, and (ii.), p. 14. 

(39) Code of Lighting of the Illum. Eng. Soc. N. Y., Trans., 16, 1921, p. 362. 

H. Lux. E.u.M. (Lichttechnik), 43, 1925, p. 29. : 

(40) W. de W. Abney. Phil. Trans., 190, 1897, p. 155; “‘ Researches in Colour 
Vision,” p. 156. 

See also J. Hirschberg, Arch. f. Augen- u. Ohrenheilkunde, 4, 1875, p. 268; Arch. of 
Ophthalmol. and Otology, 4, 1874, p. 366. 

C. Hess. Arch. f. Ophthalmol., 35 (4), 1889, p. 1. 

KE. Hering. Arch. f. Ophthalmol., 35 (4), 1889, p. 63. 

J..von Kries. Z. f. Psychol. u. Physiol. d. Simnesorgane., 15, 1897, p. 247. 

J. W. Baird. Carnegie Inst., Publication No. 29, 1905. 

C. E. Ferree and G. Rand. Psychol. Rev. (N. Y.), 26, 1919, pp. 16 and 150; Am. J. 
of Physiol. Optics, 5, 1924, p. 409. 

A. D. Bush and R. 8. McCradie. Am. J. of Physiol., 68, 1924, p. 103. 

(41) E. W. Katzenellenbogen. Wundt’s Psychologische Studien, 3, 1907, p. 272; 
reproduced by H. Piéron, Rev. Gen. des Sci., 32, 1921, p. 395. 

See also H. Dor, Arch. f. Ophthalmol., 19 (3), 1873, p. 316. 

A. Charpentier. Soc. de Biologie, C.r., 40, 1888, p. 469. 

J. von Kries. Z. f. Psychol. u. Physiol. d. Sinnesorgane, 15, 1897, p. 327. 

F. Koester. Centralbl. f. Physiol., 10, 1896, p. 433. : 

A. E, Fick. Arch. f. Ophthalmol., 45, 1898, p. 336. 

C. L. Vaughan and A. Boltunow. Z. f. Sinnesphysiologie, 42, 1907, p. 1. 

(42) J. H. Parsons. ‘ Colour Vision,”’ p. 17. 

(43) H. von Helmholtz. ‘‘ Handbuch d. Physiologischen Optik’ (3 Aufi.), vol. 2, 
p. 174 [207]. 

(44) W. H. Fox Talbot. Phil. Mag., 5, 1834, p. 327; Roy. Soc., Abs. 3, 1834, p. 298 ; 
Pogg. Ann., 35, 1835, p. 330. 

W. Swan. Roy. Soc. Edin., Trans., 16, 1849, p. 581. 

J. Plateau. Acad. Roy. des Sci., Brussels, Bull., 2, 1835, pp. 52 and 89; Pogg. Ann., 
35, 1835, p. 457. 

P. Lasareff. C. R., 177, 1923, p. 1436, and 178, 1924, p. 432. 

(45) G. N. Stewart. Roy. Soc. Edin., Proc., 15, 7887-8, p. 441. 

(46) A. Kleiner. Naturforschende Gesell. in Ziirich, Vierteljahrsschr., 21, 1876, p. 311 
Pfliiger’s Arch. f. d. gesammte Physiol., 18, 1878, p. 542. 

i. Wiedemann and J. B. Messerschmitt. Wied. Ann., 34, 1888, p. 463. 

O. Lummer and E. Brodhun, Deut. Phys. Gesell., Verh., 9, 1890, p. 92. 

_ _E. P. Hyde. Bureau of Standards, Bull., 2, 1906, p. 1; Phys. Rev., 23, 1906, p. 185 
J.G.W., 49, 1906, p. 1128. 

M. O. Saltmarsh. Phil. Mag., 29, 1915, p. 646. 

See, however, G. H. Parker and B. M. Patten, Am. J. Physiol., 31, 1912, p. 22. 

It has been found by GC. 8. Sherrington (Roy. Soc., Proc., 71, 1902, p. 71), that it does 
not hold completely for binocular vision. 

(47) This phenomenon has been made the basis of photometers by C. Wheatstone, 
(see Bibl. Univ., 47, 7843, p. 171; Engineering, 35, 1883, p. 75), Chambéyron (Le Gaz, 
2, 1858, p. 75), and 8. Pagliani (Ingegneria Civile, 13, 1887, p. 13; Beiblatter, 11, 7887, 
p- 820). See also C. E, Schafhiutl, Inst. Civ. Eng., Proc., 1, 1841, p. 101; Miinich 
Gelehrte Anzeigen, 17, 1843, col. 164; Miinich Abh., 7, 1855, p. 465; Z. f. d. gesamte 
aa” 5, 1855, p. 146; W. F. Greene and F. G. Varley, Brit. Patent No. 4622 

(48) See Francis Bacon. “‘ Novum Organum,” Lib. II., Aph. XLVI.: “ At in visu 
(cujus actio est pernicissima) liquet etiam requiri ad eum actuandum momenta certa 
temporis . . . Videmus etiam species visibiles a visu citius excipi quam dimitti.” 

P. D'Arcy. Acad. Roy. des Sci., Paris, Mém., 1765, p. 439. 


THE EYE AND VISION 79 


(49) A. Brocaand D. Sulzer. ©. R., 134, 1902, p. 831; J.de Physiol. et de Pathol. gén. 
z ere p. 632; C. R., 137, 1903, pp. 944, 977 and 1046; Rev. Gén. des Sci., 13, 1902, 


A. Broca. ‘‘ Legons d’Optique Physiologique ” (Paris, 1923), p. 115. 

See also E. Briicke, its Bos (IL) 49, 1864, p. 5a, Me : 

R. Stigler. Z. £. Simnesphysiol., 44, 1909, p. 116. : 

M. Luckiesh. Phys. Rev., 4, 1914, p. 1; El. World, 63, 1914, p. 1105. 

M. A. Bills. Psychol. Monographs, 28, 1920, No. 5. 

E. Haas. C: R., 176, 1923, p. 188. 

M. 8. Hollenberg. Opt. Soc. Am., J., 8, 1924, p: 713. 

N. Kleitman and H. Piéron. Soe. de Biol., O.r., 91, 1924, pp. 453, 456 and 624, and 
92, 1925, p. 26. 

N. Kleitman and H. Piéron. GC. R., 180, 1925, p. 393. 

See also references quoted by C, E. Ferree and G. Rand, Psychol. Rev. (N. Y.), 22, 
1915, p. 110. 

(50) The dependence of this rate on colour explains the appearance of Benham’s top 
(C. EK. Benham and others, Nature, 51, 1895, pp. 113, 167, 200, 292, 321 and 510; F P. 
Sexton, Ilum. Eng., 2, 1909, p. 340; H. W. Vogel, Deut. Phys. Gesell., Verh., 14, 1895, 
p. 45. Seealso G. N. Stewart, Roy. Soc., Edin., Proc., 15, 1888, p. 441, and A. Charpentier, 
C. R. 114, 1892, p. 1423; J. de Phys., 3, 1894, p. 81). 

(51) C. Gallissot, C. R., 155, 1912, p. 1590. 

(52) C. C. Trowbridge and W. B. Truesdell. Phys. Rev., 4, 1914, p. 289. 

(53) See G. O. Berger, Wundt’s Phil. Studien, 3, 7886, p. 38. - 

J. McK. Cattell. Wundt’s Phil. Studien, 2, 1885, p. 635, and 3, 1886, p 94; Brain, 
8, 1886, pp. 295 and 512. 

H. Piéron. C. R., 158, 1914, p. 274, and 159, 1914, p. 281; Année Psychologique, 
20, 1914, p. 61. 

C. KE. Ferree and G. Rand. Illum. Eng. Soc. N. Y., Trans., 15, 1920, p. 769. 

M. Luckiesh, A. H. Taylor and R. H. Sinden. Frank. Inst., J., 192, 1921, p. 757; 
El. World, 78, 1921, p. 668. 

C. EK. Ferree and G. Rand. Illum. Eng. Soc. N. Y., Trans., 17, 1922, p. 69. 

E. L. Elliott. Tllum. Eng. Soc. N. Y., Trans., 17, 1922, p. 89. 

M. Elliott. Am. J. of Psychol., 33, 1922, p. 97. 

P. W. Cobb. J. of Experimental Psychol., 6, 1923, p. 138. 

H. M. Johnson. J. Exp. Psychol., 7, 1924, p. 1. 

P.W.Cobb.  Illum. Eng. Soc. N. Y., Trans., 19, 1924, p. 150; H.u.M. (Lichttechnik), 
42, 1924, p. 209. 

C. E. Ferree and G. Rand. Illum. Eng. Soc. N. Y., Trans., 19, 1924, p. 424. 

P. W. Cobb. Illum. Eng. Soc. N. Y., Trans., 20, 1925, p. 253. 

P. W. Cobb. J. of Exp. Psychol., 8, 1925, p. 77. 

(54) K. Marbe. Wundt’s Philosophische Studien, 9, 1894, p. 384. ; 

T. ©. Porter. Roy. Soc., Proc., 63, 1898, p. 347; 70, 1902, p. 313, and 86, 1911-12, 
p. 495 ; Nature, 58, 1898, p. 188; 66, 1902, p. 213, and 89, 1912, p. 234 ; Chem. News, 
105, 1912, p. 222. 

H. E. Ives. Phil. Mag., 24, 1912, p. 352. 

See also references in Z. f. I., 16, 1896, p. 304. 

(55) P. Woog. C. R., 168, 1919, p. 1222. 

(56) E. L. Nichols. Am. J. Sci., 28, 1884, p. 243; J. de Phys., 4, 1884, p. 98. 

E. 8. Ferry. Am. J. Sci., 44, 1892, p. 192; J. de Phys., 2, 1893, p. 188. 

J. B. Hayeraft. J. of Physiology, 21, 1897, p. 126; Roy. Soc., Proc., 61, 1897, p. 49 ; 
J. de Phys., 7, 1898, p. 621. 

See also F. Allen. Phys. Rev., 11, 1900, p. 257; Phys. Z., 2, 1901, p. 543; J. de Phys., 
10, 1901, p. 578; Phys. Rev., 28, 1909, p. 45; Phil. Mag., 38, 1919, p. 55. (The curves 
given in these papers have not been reduced to equal luminosity at all frequencies.) 
L. Lumiére, C. R., 166, 1918, p. 654; F. Allen, Phil. Mag., 21, 1911, p. 604; Brit. Assn. 
Report, 1909, p. 410. 

(57) J. S. Dow. Electrician, 59, 1907, p. 255; Z. f, Bel., 14, 1908, p. 93. 
(58) See also A. E. Kennelly and 8. E. Whiting, National El. Light Assn., 1907 (I.), 
p- 327; El. World, 49, 1907, p. 1208; Illum. Eng. (N. Y.), 2, 1907, p. 347. 
(59) H. E. Ives and BE. F. Kingsbury. Phil. Mag., 28, 1914, p. 708, and 31, 1916, 
. 290. 
E H. E. Ives. Phil. Mag., 33, 1917, pp. 18 and 360; Frank. Inst., J., 183, 1917, p. 779. 
H. E. Ives. Opt. Soc. Am., J., 6, 1922, p. 348; Am. J. Physiol. Optics; 5, 1924, 
ao: 
(60) J. Guild. Article on “‘ The Eye as an Optical Instrument ”’ in Dict. Appl. Phys., 
vol. 4, p. 60. : 
(61) A. Konig. “Gesammelte Abh. zur Physiol. Optik” (Leipzig, 1903), p. 144 ; 
Deut. Phys. Gesell., Verh., 1892 (Ann. d. Phys., 45, 1892, p. 604). 
K. Schaum. Z. wiss. Photog., 2, 1904, p. 389, and 3, 1905, p. 272. 
H. Laurens. Am. J. of Physiology, 67, 1924, p. 348. 
See also A. Mitzscherling, Wundt’s Psychol. Studien, 1, 1906, p. 107. 


 Phys., 1, 1882, p. 33. See also F. Exner, Wien Ber. (IIa.), 128, 1919, p. 71. E 
(65) This figure has been drawn from the values given in the Table on p. 65. , 


6 «PHOTOMETRY 


: - Rs? 5 Fea 
(62) P. G. Nutting. “Outlines of Applied Optics,” p. 122; Bureau of 
Bul & 1908, p. 261, and 7, 1911, p. 235; El. World, 51, 1908, p. 1371; Ilum. 
1908, p. 781. The values given by Nutting have been again corrected, since Ké 
was the brightness of a magnesium carbonate surface placed at 1 metre from 10 
of freezing platinum (2-2 candles) and viewed through a 1 sq. mm. . is bri 
is approx. 0-67 photons if the reflection factor of magnesium carbonate be taken as ( . 
(see p. 476). 7 J ae 
‘ (63) J. ‘punkeyn’. Magazin f.d. gesammte Heilkunde, etc. (Berlin), 20, 1825, p. 199, 
(64) J. Macé de Lépinay and W. Nicati. Ann. Chim. Phys., 24, 1881, p. 289; J. de 


See also J. Teichmiiller, Festschr. z. Hundertjahrfeier d. Techn. Hochschule, Karlsruhe, | 
1925. ’ 
(66) J. Macé de Lépinay and W. Nicati. Ann. Chim. Phys., 30, 1883, p. 145. 

H. Parinaud and J. Duboseq. Ann. d’Oculistique, 93, 1885, p. 127. 

L. Weber. Central-Ztg. f. Opt. u. Mech., 6, 1885, p. 245. 

A. Charpentier. CO. R., 103, 1886, p. 130; Lum. EL, 21, 1886, p. 165. 

F. P. Whitman. Am. Assn., Proc., 47, 1898, p. 83; Science, 9, 1899, p. 734. 

W. Nagel and J. von Kries. Z.f. Psychol. u. Physiol. d. Sinnesorgane, 23, 1900, p. 161. 

W. de Sitter. Astronom. Nachrichten, 163, 1903, col. 65. 

L. T. Troland. Frank. Inst., J., 182, 1916, p. 111; Nela Bull., 1, 1922, p. 403. 

(67) See, however, F. W. Edridge-Green, Roy. Soc., Proc. (B.), 82, 1910, p, 458, and 
34, 1911, p. 116; W. Watson, ibid., p. 118; Rayleigh, Roy. Soc., Proc. (A.), 84, 1910, 
p. 464; R. A. Houstoun, Roy. Soc., Proc., 94, 1918, p. 576. See also Addenda, p. 83. 

(68) L. A. Jones. Opt. Soc. Am., J., 1, 1917, p. 63; Frank. Inst., J., 183, 1917, p. 500 ; 
Kodak Publ., 2, 1916, p. 122. 

H. Laurens and W. F. Hamilton. Am. J. of Physiol., 65, 1923, p. 547. 

See also, E. Mandelstamm, Graefe’s Arch. f. Ophthalmol., 13, 1867 (I1.) p. 399. 

W. Dobrowolsky. Graefe’s Arch., 18, 1872 (1.), p. 66. 

W. Uhthoff. Graefe’s Arch., 34, 1888 (IV.), p. 1. 

E. Brodhun. Z. f. Psychol. u. Physiol. d. Sinnesorgane, 3, 1892, p. 89. 

B. O. Peirce. Am. J. Sci., 26, 1883, p. 299; J. de Phys., 3, 1884, p. 186. 

A. Konig and C. Dieterici. Wied. Ann., 22, 1884, p.579; Graefe’s Arch., 30, 1884 (IL), 
p. 171; J. de Phys., 4, 1885, p. 323. : 

D. Isaachsen. Pfliiger’s Arch. f. Physiol., 43, 1888, p. 289. 

O. Steindler. Wien Ber., 115 (Ila.), 1906, p. 39. 

P. G. Nutting. Bureau of Standards, Bull., 6, 1910, p. 89. 

P. v. Liebermann and E. Marx. Z. f. Sinnesphysiol., 45, 19/1, p. 103. 

(69) M. Woinow. Graefe’s Arch. f. Ophthalmol., 16, 1870, p. 251; Annales 
d’Oculistique, 5, 1871, p. 43. 

L. R. Geissler. Am. J. Psvchol., 24, 1913, p. 171; Nela Bull., 1, 1917, p. 263. 

L. A. Jones. Ilum. Eng. Soc. N. Y., Trans., 9, 1914, p. 687 ; Kodak Publ., 1, 1914, p. 43. 

(70) A. Charpentier. Article in “'Traité de Physique Biologique * (Masson, Paris, 
c. 1900), vol. 2, p. 905. See also Addenda, p. 83. 

(71) W. de W. Abney. ‘ Researches in Colour Vision,” p. 150; Phil. Trans., 183, 
1892, p. 531; Roy. Soc., Proc., 83, 1910, p. 290. Also Roy. Soc., Proc., 49, 1897, p. 509, 
and 50, 1892, p. 369; J. de Phys., 2, 1893, p. 132, and 3, 1894, p. 41. 

See also H. Ebert, Wied. Ann., 33, 1888, p. 136. 

S. P. Langley. Am. J. Sci., 36, 1888, p. 359; Phil. Mag., 27, 1889, p. 1. 

A. Pfliiger. Ann. d. Phys., 9, 1902, p. 185. 

P. Lecomte du Noiiy. J. of General Physiol., 3, 1921, p. 748. 

(72) See, however, G. J. Burch, Roy. Soc., Proc. (B.), 76, 1905, p. 199. 

(73) A. Charpentier. “ La Lumiére et les Couleurs * (Paris, 7888), part IT., chap. VILL; 
Eel. EL, 8, 1896, p. 5. 

C. Henry. C.R., 116, 1893, p. 96; J. de Phys., 3, 1894, p- 429. 

J. H. Parsons. ‘“‘ Colour Vision,” pp. 66, 84 and 133. 

See also J. von Kries, Z. f. Psychol. u. Physiol. d. Sinnesorgane, 15, 1897, p. 247. 

G. Rand. Psychol. Rev. (N. Y.), Psychol. Monographs, 15, 1913, No. 1. 

(74) 8. D. Chalmers. Opt. Soc., Trans., 20, 1919, p. 297. 

G. Gehlhoff and H. Schering. Z. f. Bel., 25, 1919, ip. 175 

G. Jaeckel. Phys. Z., 25, 1924, p. 13. 

See also P, Reeves, Astrophys. J., 47, 1918, p. 141; Kodak Publ., 3, 1918, p. 92. 

(75) Deutsche Seewarte expts. See J.G.W., 38, 1895, p. 330; Eng. News, 33, 1895, 
p. 377; Hcl. El., 4, 1895, p. 288. 

C. C. Paterson and B. P. Dudding. Phys. Soc., Proc., 24, 1912, p. dios Ne POG, 
Coll. Res., 10, 1913, p. 137; Optical Convention, Proc. 2, 1912, p- 49; lum. Eng., 8, 
1915, p. 210 ; Engineering, 99, 1915, p. 520; J. of Gas Lighting, 130, 1915, p. 270; Lum. 
El., 30, 1915, p. 188; Nature, 95, 1976, p. 397. 

(76) A. Broca and Polack, ©. R., 145, 1907, p. 828. (The figures given are, apparently, 
ere fully dilated natural pupil.) See also L. Reynaud and Degrand, 0.R., 46, 1858, 
p- . 


THE EYE AND VISION 81 


a (77) See also H. D. Curtis, Lick Observ., Bull. No. 38, 1903, p. 67; H. Buisson, J. de 

epee ree p. 68; Astrophys. J., 46, 1917, p. 296 (1-4 x 10-°m.c. for green light) ; 

a ; ares strophys. J., 44, 1916, p. 124; H.N. Russell, idem, 45, 1917, p. 60 ; P. Reeves, 

age # 917, p. 167, and 47, 1918, p. 141; Z. £. 1., 42, 1922, p. 155; Illum. Eng., 10, 

Bie. p. 292, and 11, 1918, p. 217; Opt. Soc. Am., J., 1, 1917, p. 176; Kodak Publ. 3, 
918, p. 13. 4 

(78) C. Gallissot. C. R., 150, 1910, p. 594. 

(79) Good Lighting, 7, 1913, p. 629. 

; (80) E. Allard. Ann. des Ponts et Chaussées, 12, 1876, p.5; Acad. des Sci., Paris, 
Mém. divers Savants, 25, 1877, No. 2. 

C. Henry. ©. R., 123, 1896, p- 452; Kel. El., 9, 1896, p. 38. 

W. McDougall. Brit. J. of Psychology, 1, 1904, pp. 78 and 151. 

J. C. Fliigel and W. McDougall. Brit. J. of Psychol., 3, 1910, p. 178. 

A. Blondel and J. Rey. C. R., 153, 1911, p. 54; Lum. EL, 15, 1911, p. 84; J. de 
Phys., 1, 1911, p. 530; Illum. Eng., 4, 1911, pp. 557 and 613; Illum. Eng. Soe. N. Y., 
Trans., 7, 1912, p. 625; Z. £. Bel., 19, 1913, p. 157. 

J. L. Hoorweg. J. de Phys., 2, 1912, p. 177. 

A. Blondel and J. Rey. C. R., 162, 1916, pp. 587 and 861; Lum. El., 34, 1916, p. 54. 

(81) H. Piéron. C. R., 170, 1920, pp. 525 and 1203. See also, idem, 178, 1924, 
pp. 276, 966 and 1245; Rev. d’Opt., 4, 1925, p. 45. 

See also A. Broca, Ann. du Conservatoire des Arts et Métiers, 4, 1902, p. 114, and Rev. 
Gén. des Sci., 13, 1902, p. 241. 

A.M. Bloch. Soe. de Biologie, C.r., 37, 1885, p. 493, 39, 1887, pp. 118 and 130, and 40, 
1888, p. 491. A. Charpentier. Soc. de Biologie, C.r., 39, 1887, pp. 3 and 42, and 40, 
1888, pp. 471 and 493. : 

J. von Kries. Z. f. Sinnesphysiol., 41, 1907, p. 373. 

P. Reeves. Astrophys. J., 47, 1918, p. 141; Kodak Publ., 3, 1918, p. 92. 

(82) A. Tschermak. ‘‘ Ergebnisse d. Physiol.’ (Abth. I1.), 2, 1903, p. 726. 

(83) See, in this connection, J. Kéhler, Arch. f. d. ges. Psychol., 2, 1904, p. 423. 

(84) The contrast colour is not the exact complementary unless the eye be dark 
adapted. See J. H. Parsons, “ Colour Vision,” 1924, pp. 141-2. 

(85) W. de W. Abney. Roy. Soc., Proc., 56, 1894, p. 221. 

See also A. Tschermak. Pfliiger’s Arch. f. d. ges. Physiol., 117, 1907, p. 473. 

F. W. Edridge-Green. “‘ Colour Blindness, etc.,’’ (Kegan Paul, 1909), p. 78; Roy. 
Soc., Proc. (B), 84, 1912, p. 546; Illum. Eng., 5, 1912, p. 464. 

EH. Raehlmann. Z. f. Augenheilkunde, 19, 1908, p. 1. 

bp E. Szilagyl. Centralbl. f. d. med. Wiss., 19, 1881, p. 849; J. de Phys. 1, 1882, 
p. - 

See also F. Allen, Opt. Soc. Am., J., 7, 1923, pp. 583 and 913; Am. J. of Physiol. 
Optics, 5, 1924, pp. 341 and 420; Opt. Soc. Am., J., 9, 1924, p. 375; Brit. Assn. Report, 
1924, p. 359; Am. J. Physiol. Optics, 6, 1925, p. 339. 

The phenomenon of contrast has been applied by G. Révész to the photometry of 
coloured lights (Math. és Természettudomanyi Ertesit6., 28, 1910, p. 452; Kongress f. 
exp. Psychol., Ber., 4, 1911, p. 217). See also Addenda, p. 83. 

(87) C. E. Ferree and G. Rand. J. of Experimental Psychol., 1, 1916, p. 1. 

(88) See, however, J. Macé de Lépinay and W. Nicati, J. de Phys., 1, 1882, p. 33. 

(89) See also S. Bidwell, Roy. Soc., Proc., 61, 1897, p. 268, and 68, 1901, p. 262; 
Nature, 56, 1897, p. 128, and 64, 1901, p. 216. 

G. J. Burch. Roy. Soc., Proc., 66, 1900, p. 204, and 69, 1901, p. 125. 

A. W. Porter and F, W. Edridge-Green. Roy. Soc., Proc. (B.), 85, 1912, p. 434, and 
87, 1913, p. 190; Chem. News, 108, 1913, p. 265; Nature, 92, 1913, p. 363. 

G. J. Burch. Roy. Soc., Proc. (B.), 86, 1913, p. 117; Chem. News, 107, 1913, p. 58 3 
Nature, 90, 1913, p. 612. 

L. T. Troland. Frank. Inst., J., 181, 1916, pp. 579 and 855; Nela Bull., 1, 1922, 

(90) A. Charpentier. O.R., 114, 1892, p. 1180. [p- 388. 

L. T. Troland. Frank. Inst., J., 182, 1916, p. 529; Nela Bull., 1, 1922, p. 400. 

W. J. Smith. Roy. Soc. Edin., Proc., 44, 1924, p. 211. 

E. Gellhorn and K. Weidling. Pfliiger’s Arch. f. d. ges. Physiol., 208, 1925, p. 343, 

F. W. Frohlich. Z. f. Sinnesphysiol., 52, 1921, p. 60. 

(91) J. Mueller. “ Zur vergleichenden Physiol. des Gesichtsinnes ”’ (Leipzig, 1826), p. 45. 

(92) Phil. Trans., 92, 1802, p. 12. 

(93) See H. v. Helmholtz. ‘ Handbuch d. Physiol. Optik ” (3 Aufl.), vol. 2, pp. 119 
et seq. [142 et seq.] 

J. H. Parsons. ‘‘ Colour Vision,’’ sect. ITI. 

W. Peddie. ‘“‘ Colour Vision ”’ (London, 1922), passim. 

See also W. Preyer, Pfliiger’s Arch. f. d. gesammte Physiol., 25, 1887, p. 31; and 
H. R. Droop, Phys. Soc., Proc., 5, 1883, p. 217; Phil. Mag., 15, 1883, p. 373. : 

(94) H. KE. Ives (Phil. Mag., 35, 1918, p. 413) has shown, however, that the mixture 
of red and green can be analysed by making use of the difference in persistence of the 
components, whereas the pure colour cannot be soresolved. See also HE. Haas, C. R., 178, 
1924, p. 418; Rev. d’Opt., 4, 1924, p. 46. 


P g 


82 - PHOTOMETRY 


95) Z. £. Psychol. u. Physiol. d. Sinnesorgane, 9, 1896, p. 81, and 19, 1898, p. 175. _ 
: 108) It is borane to eat that, although the persistence of fatigue is different for 
different colours (see, ¢.g., J. Macé de Lépinay and W. Nicati, J. de Phys., 1, 1882, p. rie 
on the other hand, exposure se pat bebe ig ee induces fatigue for all colours. 

L. T. Troland, Opt. Soc. Am., J., 6, apse 2 

(97) Lancet, 1909 (IL), p. 986; Opt. Soc., Trans., 11, 1909, p. 10; “ Colour Blindness 
and Colour Perception ”’ (Kegan Paul, 1909). _ 

(98) W. Trendelenburg. Centralbl. f. Physiol., 17, 1903, p. 720; Z. £. Psychol. = 
Physiol. d. Sinnesorgane, 37, 1904, p. 1. Also quoted by V. Henri and L. des Bancels, 
J. de Physiol. et Pathol. Gén., 13, 1911, p. 841, and by W. M. Bayliss, lum. Eng., 11, 
1918, p. 104; Gas. J., 142, 1918, p. 336; Rev. Gén. de EL, 4, 1918, p. 821; Nature, 
101, 1918, p. 295; Licht u. Lampe, 1918, p. 214). ? am 

Kénig’s scotopic luminosity curve is shown in full line, while the crosses indicate 
Trendelenburg’s observed points reduced from the Nernst to an equal energy spectrum. — 

See also S. Hecht, J. of Gen. Physiol., 3, 1920, p. 1. 

S. Hecht and R. E. Williams. J. of Gen. Physiol., 5, 1922, p. 1. 

S. Hecht. aoe Soc. ae Je 9, Fs p. a 

8. Hecht. J. of Gen. iol., 6, , p. 731. A : 

S. Hecht. Die Notes ccicleteent 13, 1925, p. 66; Am. J. Physiol. Optics, 6, 1925, 


. 803. : 
y (99) See H. 8. Ryland, Nature, 89, 1912, p. 554. 

(100) See, however, F. Weigert, Z. phys. Chem., 100, 1922, p. 537. 

(101) L. T. Troland. Am. J. of Physiol., 32, 1913, p. 8; Opt. Soc. Am., J., 1, 1917, 
p. 3. See also G. G. Stokes, Nature, 53, 1895, p. 66, and H. Ebbinghaus, Z. f. Psychol. u. 
Physiol. d. Sinnesorgane, 5, 1893, p. 145. 

(102) H. S. Allen. Réntgen Soc., J., 15, 1919, p. 33. See also Nature, 104, 1919, 
pp. 74, 92, 174, 420 and 435. 

J. Joly. Phil. Mag., 41, 1921, p. 289 ; Roy. Soc., Proc. (B.), 92, 1921, p. 219; Am. J. 
of Physiol. Optics, 3, 1922, p. 130. 

F. Schanz. Z. f. Sinnesphysiol., 54, 1922, p. 93; Z.f. Phys., 12, 1922, p. 28. (See 
also O. Emersleben, idem, 15, 1923, p. 180.); Am. J. of Physiol. Optics, 4, 1923, p. 2845 
Z. f. Augenheilk., 46, 1921, p. 311. (See also M. R. Neifeld, Am. J. Physiol. Optics, 5, 
1924, p. 242.) 

J. H. Clark. Opt. Soc. Am., J., 6, 1922, p. 813. : : 

See also P. G. Nutting, Opt. Soc. Am., J., 1, 1917, p. 31; A. A. Meisling, Z. f. Sinnes- 
physiol., 42, 1907, p. 229. 

(103) W. Zenker. Arch. f. mikroscop. Anatomie, 3, 1867, p. 248. (See also E. 
Minkowski, Z. f. Sinnesphysiol., 48, 1913, p. 211.) 

G. 8. Hall. Am. Acad. Arts and Sci., Proc., 13, 1878, p. 402. 

F. Boll. Arch. f. Anatomie u. Physiol. (Physiol. Abth.), 7887, p. 1. 

F. C. Donders. Arch. f. Ophthalmologie, 27, 1881 (Abt. I.), p. 155, and 30, 1884 
(Abt. I.), p. 15. 

G. St. Clair. Birmingham Phil. Soc., Proc., 4, 7884, p. 117. 

A. Charpentier. OC. R., 101, 1885, p. 275, and 102, 1886, p. 864. (See also E. M. 
Barton and H. M. Browning, Phil. Mag., 38, 1919, p. 338 ; Nature, 110, 1922, p. 357.) 

A. Géller. Du Bois Reymond’s Arch. f. Physiol., 1888, p. 139. 

C. Ladd-Franklin. Z. f. Psychol. u. Physiol. d. Sinnesorgane, 4, 1893, p. 211; Mind, 
2, 1893, p. 473 ; Opt. Soc. Am., J., 7, 1923, p. 66. 

H. Ebbinghaus. Z. f. Psychol. u. Physiol. d. Sinnesorgane, 5, 1893, p. 145. 

P. EK. A. Guébhard. Assn. Frang., 1894 (1), p. 121. 

W. Nicati. Arch. d’Ophthalm., 15, 7895, p. 1. 

G. Darzens. C. R., 121, 1895, p. 183; J. de Phys., 6, 1897, p. 453. 

G. E. Miller. Z. f. Psychol. u. Physiol. d. Sinnesorgane, 10, 1896, pp. 1 and 321, and 
14, 1897, pp. 1 and 161. 

W. Patten. Am. Naturalist, 32, 1898, p. 833. 

W. McDougall. Mind, 10, 1901, pp. 52, 210 and 347. 

A. Pizon, C.R., 133, 1901, p. 835. (See also 134, 1902, pp. 184 and 314.) 

K. v. Oppolzer. Z. f. Psychol. u. Physiol. d. Sinnesorgane, 29, 1902, p. 183; Wien 
Anzeiger (Math.-Nat. Classe), 39, 1902, p. 32. (See also C. Ladd-Franklin, Psychol. Rev. 
(N. Y.), 10, 1903, p. 551.) 

W. Peddie. Roy. Soc. Edin., Proe., 24, 1903, p. 448. 

E. Raehlmann, Pfliiger’s Arch. f. d. ges. Physiol., 112, 1906, p.172; Gesell. deut. 
Naturforscher u. Aerzte, Verh., 79 (II. 2), 1907, p. 303; Z. f. Augenheilkunde, 16, 1906, 
p- 448, (See also V. Franz, Naturwiss. Wochenschr., 22, 1907, p. 824.) 

J. Bernstein, Naturwiss. Rundschau, 21, 1906, p. 497; Pfliiger’s Arch. ff. d. 
gesammte Physiol., 156, 1974, p. 265. 

F. Schenck. Arch. f. d. gesammte Physiol., 118, 1907, p. 129 ; Gesell. f. Beférderung. d. 
ges. Naturwiss., Marburg, Ber., 1906, p. 133. 

W. Wundt. Gruncziige d. physiol. Psychol. (6 Aufi., Leipzig, 1910), vol. 2, p. 251. 

J. M. Dane. Am. Naturalist, 41, 1907, p. 365. 

L. T. Troland. Am. J. of Psychology, 25, 1914, p. 500. 


Zz 


- 


THE EYE AND VISION 83 


P. Lasareff. Russ. Phys.-Chem. Soc., J. (Phys. part), 45, 1913, p. 285. (See also 
Pfliiger’s Arch., 135, 1910, p. 196.) 
R. A. Houstoun. Roy. Soc., Proc., 92, 1916, p. 424; Phil. Mag., 38, 1919, p. 402. 
G. J. Burch. Roy. Soe., Proc. (B.), 86, 1913, p. 490. 
J. Guild. Phys. Soc., Proc., 29, 1917, p. 354. 
P. P. Lasareff. Acad. des Sci., Petrograd, Bull., 1918, pp. 1047, 1245 and 1255, and 
1919, pp. 159 and 165. 
Hf. K. Schjelderup. Z. f. Sinnesphysiol., 51, 1920, p. 19. 
HE. v. Dungern. Graefe’s Arch. f. Ophthalmol., 102, 1920, p. 346. 
L. Koeppe. Miinchener medizinischer Wochenschrift, 68, 1921, p. 475. - 
H. Kéliner, Miinchener medizinischer Wochenschrift, 68, 1921, p. 1045. 
H. Ohbrvall. Upsala Likareférenings Férhandlingar, 28, 1922, p. 77; Skandinavisches 
Arch. f. Physiol., 43, 1923, p. 165. 
F. Aigner. Wien Ber. (IIa.), 131, 1922, p. 299. 
F. Exner. Wien Ber. (IIa.), 131, 1922, p. 615. 
C. Sheard. Am. J. Physiol. Optics, 3, 1922, p. 391. Z 
E. Q. Adams. Psychological Rey. (N. Y.), 30, 1923, p. 56, Opt. Soc. Am., J., 7, 
1923, p. 66. 
K. Schrodinger. Die Naturwissenschaften, 12, 1924, p. 925. ‘ 
C. Ladd-Franklin. Addit. Chapter in Eng. trans. of Helmholtz “ Physiol. Optics,” 
vol. 2, p. 455; Brit. Assn. Report, 1924, p. 442. 
P. Lasareff. J. de chim. phys., 21, 1924, p. 231. 
W. M. Venable. Am. J. Physiol. Optics, 6, 1925, p. 403. (See also p. 521). 
An excellent outline of most of the principal theories of colour vision will be found in 
J. H, Parsons’ “ Colour Vision,”’ part III., while useful historical notes are those of W. le C. 
Stevens, et al. (Science, 7, 1898, pp. 513, 603, 677, 773 and 832), F. Allen (Phys. Rev., 
17, 1903, p. 151), and C. Sheard (Opt. Soc., Trans., 23, 192/, p. 1). 
(104) Wien Ber. (III.), 66, 1872, p. 5, 68, 1873, pp. 186 and 229, 69, 1874, pp. 85 and 
179, and 70, 1874, p. 169; ‘‘ Zur Lehre vom Lichtsinne ” (Vienna, 1878). 
A. Weinhold. ‘Ann. d. Phys., 2, 1877, p. 631. 
F. Hillebrand. Wien Ber. (III.), 98, 1889, p. 70. 
E. Hering. ‘“‘ Grundziige d. Lehre vom Lichtsinn,”’ chap. XII. of Graefe-Semisch. 
* Handbuch f. d. ges. Augenheilkunde,”’ 2nd ed. (Engelmann, Leipzig, 1905), part I., vol. 3, 


E. Brunner, Pfliiger’s Arch. f. d. ges. Physiol., 121, 1908, p. 370. 
F. Exner. Wien Ber. (Ila.), 127, 1918, p. 1829. 

F, Hillebrand. Z. f. Sinnesphysiol., 51, 1920, p. 46.. 

W. M. Venable. Am. J. of Physiol. Optics, 5, 1924, pp. 22 and 170. 


ADDENDA. 


Bibliog. R. J. Lythgoe. ‘Illumination and Visual Capacity (a review of recent 
literature).”” Report of the Medical Research Council (in preparation). 

H. Aubert. Pogg. Ann., 115, 1862, p. 87 and 116, 1862, p. 249. 

Note (16). A. Korff-Petersen and M. Ogata. Z. f. Hygiene, 105, 1925, p. 27; 
Illum. Eng., 18, 1925, p. 300. i 

Note (25). R. Dittler and I. Koike. Z. f. Sinnesphysiol., 48, 1914, p. 166. 

Note (67). A. Kénig. Z. f. Psychol. u. Physiol. d. Sinnesorgane, 8, 1895, p. 375. 
The colour discrimination is sensibly the same at all except very low intensities. See 
T. A. Neelin, Roy. Soc. Canada, Trans., 7, 1913 (Sect. IIT.), p. 221. 

Note (70). M. M. Monroe. Psychol. Monographs, 34, 1925, No. 158. _ 

Note (86). It has been found that simultaneous contrast for colour is most per- 
ceptible when brightness contrast is absent, and thatit increases with the saturation of the 
exciting colour (see p. 306). . 

See, e.g., A. Kirschmann, Wundt’s Phil. Studien, 6, 1891, p. 417; H. Pretori and M. 
Sachs, Pfliger’s Arch. f. d. ges. Physiol., 60, 1895, p. 71; BR. L. Crane, Am. J. of 
Psychol., 28, 1917, p. 597. ; wal : 

On the use of simultaneous contrast for increasing the sensitivity of a colour-match 
see H. Hartridge, J. of Physiol., 50, 1915, p. 101; Cambridge Phil. Soc., Proc., 19, 
1919, p. 271. 


CHAPTER IV 
THE PRINCIPLES OF PHOTOMETRY 


PuHotomETRY may be defined as the measurement of light by 
visual comparison, and the two preceding chapters of this book have 
been devoted respectively to a consideration of the nature of light 
and to a description of the way in which the eye responds to luminous 
radiation. In this chapter the various photometric quantities will 
be defined and described, and their relations to one another will 
be derived. For this purpose the definitions adopted by the Inter- 
national Commission on Illumination in 1921 and 1924 will be 
employed, and definitions not yet formulated internationally will be 
taken from the reports presented to that Commission by the British, 
French or American National Illumination Committees (*). 

Luminous Flux and Luminous Intensity—In any system of 
photometric definitions it is possible to start either with the luminous 
intensity (candle-power) of a light source or with the rate of flow 
of the luminous energy produced by a source. The first of these 
arrangements possesses the advantage that the only quantity which 
can conveniently be used for the purpose of standardisation is the 
luminous intensity of a specified light source (*). On the other hand 
the most fundamental notion in photometry is that of the radiant 
energy which, when it reaches the eye, produces the visual sensation, 
and very often this radiant energy is considered without reference 
to its source, 

It will be most convenient for the purposes of this chapter to 
consider both the energy and its source together, and, therefore, the 
internationally agreed definitions of luminous flux and of luminous 
intensity are here given as follows :— 

* LUMINOUS FLUX is the rate of passage of radiant energy evaluated 
by reference to the luminous sensation produced by it. 

* Although luminous flux should be regarded, strictly, as the rate 
of passage of radiant energy as just defined, it can, nevertheless, be 
accepted as an entity for the purposes of practical photometry, since the 
velocity may be regarded as being constant under those conditions. 

“T'he LUMINOUS INTENSITY (candle-power) of a point source in 
any direction vs the luminous flux per unit solid angle emitted by that 
source in that direction. (The flux emanating from a source whose 
dimensions are negligible in comparison with the distance from which 
it 1s observed may be considered as coming from a point.) ”’ 

It will be seen from the foregoing definitions that the luminous 
flux at a given point in space is the amount of radiant energy passing 
that point in unit time, but with the proviso that the energy is not 
measured in the ordinary physical unit, the erg, but in luminosity 
units. Hence the number of ergs per second which is equivalent to 
a given amount of luminous flux is dependent on the frequency of 
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the waves by which that radiant energy is conveyed (see Chapter IIL., 
p. 63), and unless these waves be of a frequency which is able to 
stimulate vision the luminous flux is zero, whatever be the amount 
of radiant energy measured physically (°). 

_ _ Many analogies have been proposed to illustrate the conception 
of luminous flux (+). Magnetic flux is not comparable since it 
involves no transfer of energy. Perhaps the most satisfactory analo- 
gies are to be found either in hydraulics or in electricity. If the 
energy be regarded as similar to an incompressible fluid such as 
water (°), then luminous flux corresponds with the flow past a point, 
and the unit of luminous flux, the lumen (to be defined later), 
corresponds with gallons of water per hour, the speed of the current 
being assumed constant. Similarly, if the energy be regarded as 
analogous to electricity, so that when evaluated according to its 
luminosity (ergs x K,) it is represented by quantity of electricity 
in coulombs, then the luminous flux corresponds with the current, 
and the lumen is represented by the ampére. 

Neither of these analogies is really satisfactory, since the essential 
fact of the rectilinear propagation of radiant energy is not implied, 
and therefore the vector nature of luminous flux is not brought out. 
In order to avoid misconception when using the term “ luminous 
flux,” it is often useful to recall the real nature of this quantity, for 
“it has frequently been loosely used in the past as if it represented 
the entity itself, and not, as it does in fact, a rate of passage of the 
real entity, viz., energy. It is true that since the velocity of propa- 
gation of this energy may be taken as constant, the rate of passage 
is proportional to something which may be conveniently looked upon 
as an entity. In the same way electric current, which is the rate of 
passage of electricity, is almost invariably looked upon as an entity. 
Provided its real nature be kept in sight, there is much to be gained 
in conciseness of expression by using the word ‘ flux’ in the way 
proposed. Care must, however, be taken to preserve the distinction 
between luminous flux, as now defined, and energy ”’ (°). 

In the definition of luminous intensity it will be noticed that a 
point source of light is assumed, 7.e., a source whose dimensions are 
negligible in comparison with the distance at which the flux is 
measured. The nearest practical approach to a point source is a 
fixed star as viewed from the earth. The energy emitted from such 
a source may then be regarded as travelling outwards radially in the 
form of waves which are perfect spheres. It should be noticed, in 
passing, that the luminous intensity is not here assumed to be the 
same in all directions. A source of which this was true would be 
termed a “ uniform point source.” A variable star is an illustration 
of a non-uniform point source, for at any instant its luminous 
intensity is not the same in all directions in space. Since in this 
definition the luminous intensity in a single direction only is under 
consideration, it follows that it is only the flux density in that 
direction which is referred to. 

The luminous intensity in any direction is measured in terms of 
flux per steradian (”), for in the definition of luminous intensity it 
is the angular density of the flux along a line that is spoken of. This 
may be regarded as analogous to pressure at a point. The actual 
flux along a line is the rate of energy transfer across any point of 
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that line, and, like the pressure on a mathematical point, has no 
meaning, except as a limit (8). It may be regarded as Lim. =. Flw, 
or dF/dw, where F represents the flux within a solid angle w con- 
taining the line under consideration. 

It will be noticed that in the definitions given above for the 
quantities “luminous flux ” and “luminous intensity ” the second 
of these ideas is made dependent on the first. When the units are 
defined, however, it is necessary to reverse this relationship, since 
the unit of luminous intensity (the candle) is the primary reproducible 
quantity. The units are therefore defined as follows :— 

“The unit of luminous intensity 1s the INTERNATIONAL CANDLE, 
such as resulted from agreements effected between the three national 
standardising laboratories of France, Great Britain and the United 
States of America, in 1909.* This unit has been maintained since 
then by means of electric incandescent lamps in these laboratories, which 
continue to be entrusted with its maintenance.” 

““* These laboratories are: the Laboratoire Central d’Electricité 
in Paris, the National Physical Laboratory in Teddington, and the 
Bureau of Standards in Washington ”’ (°). 


“The unit of luminous flux is the LUMEN. It is equal to the flua 
emitted in unit solid angle by a uniform point source of one international 
candle.” 

The term which has been most commonly used in the past to 
express the light-giving power of a source is “‘ candle-power.” This 
word, including as it does the name of the unit, is not altogether 
satisfactory as a general expression for the quantity itself. It is, 
therefore, preferable to use the term ‘“ luminous intensity *’ where 
no actual measure is involved, and to reserve the word “ candle- 
power” for luminous intensity expressed in international candles. 
Thus the statement that the candle-power of a lamp is 16 is equivalent 
to the statement that its luminous intensity is 16 international 
candles. A “16 c.p. lamp” is an abbreviated form of expression 
which may sometimes be convenient. 

The method by which the unit of luminous intensity is actually 
maintained will be considered in detail in Chapter V. It must be 
remarked here, however, that in the definition of the lumen a uniform 
point source is postulated. This is clearly impossible of attainment 
under practical conditions. The actual international candle, there- 
fore, is a source which, under the conditions of use to be defined 
later, will give results equal to those that would be obtained with 
a uniform point source to an accuracy well within the limits of 
experimental error. In this way it may, perhaps, be likened to the 
unit of length, which is the length between two lines on a bar of 
metal. Theoretically those lines should be mathematical lines, 
without breadth, and therefore invisible. Practically, their centres 
give a value for the unit which is correct within the limits of experi- 
mental error. 

From the definitions of the lumen and the candle just given the 
following defining equations result :— 


I = dF/do and F = |r dw. 


where F is the luminous flux measured in lumens, J is the candle- 
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‘power measured in international candles, and w is a solid angle 


measured in steradians (1°). ; 

Candle-Power Distribution ; Mean Spherical Candle-Power.—It 
has already been said that a uniform point source, or even a point 
source, is unattainable under practical conditions. At the same 
time it is often sufficiently accurate to regard many small sources, 
though of appreciable dimensions, as point sources for photometric 
purposes, the limit to what is allowable being set by (a) the accuracy 
of measurement desired, and (6) the ratio of the linear dimensions 
of the source to the distance from it at which the measurements are 
made (4). While this is true, the question of uniformity is quite 
another matter. This does not at all depend upon distance, and 
for many practical purposes a source which may quite well be 
regarded as a point source can by no means be regarded as uniform. 
For example, although an electric lamp of ordinary size may be 
regarded as a point source at distances exceeding a metre, the 
candle-power of such a lamp in the direction of the cap is very small 
compared with that in the direction of the pip, and this again often 
differs considerably from that in a direction perpendicular to the axis: 
of the lamp. 

The expression “candle-power of a source”’ is therefore in- 
definite unless either the value in a single definite direction or the 
average value within a given region be specified (17). The most 
commonly used values of candle-power at the present time are 
(a) the candle-power in some well-defined direction, (b) the average 
value of the candle-power in all directions in space. Of these two 
systems, the first is at present capable of more accurate determina- 
tion, and is therefore generally used for lamps which are to serve 
as standards or sub-standards of candle-power (see p. 136). The 
second system is generally adopted for the ordinary commercial 
measurement of light sources. It will be noticed that the average 
candle-power in all directions is, by the defining equation given 
above, the same as the total luminous flux emitted by the source 
divided by 47, since w = 47 for the total solid angle at a point. 
This quantity is known as the “ mean spherical intensity ” (or, when 
expressed in international candles, as the “‘ mean spherical candle- 
power—m.s.c.p.), and is thus defined :— 

“THE MEAN SPHERICAL INTENSITY of a source 1s the average value 
of the intensity of that source in all directions in space.” 

In certain cases (e.g., street lighting or lighting by indirect units) 
the candle-power of a source in the lower or in the upper hemisphere 
is of more importance than the m.s.c.p. (18). The following quantities 
have, therefore, been defined :— 

‘THE MEAN UPPER HEMISPHERICAL INTENSITY of a source ws the 
average value of the intensity of that source in all directions above the 
horizontal plane passing through its centre. ; 

‘THE MEAN LOWER HEMISPHERICAL INTENSITY of @ source is the 
average value of the intensity of that source in all directions below the 
horizontal plane passing through its centre.” . 

A system of candle-power specification which has been much 
used with vacuum electric lamps and upright gas mantles is that of 
the “mean horizontal candle-power” (m.h.c.p.), which is thus 
defined :— 
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“THE MEAN HORIZONTAL INTENSITY of a source 1s the average 
value of the intensity of that source in all directions in the horizontal 
plane passing through its centre.” 

This system, however, is now being rapidly superseded by the 
mean spherical candle-power system. Methods of measuring mean 
spherical candle-power and mean horizontal candle-power will be 
described in Chapter VII. The ratio (m.s.c.p.)/(m.h.c.p.) for a source 
is often termed its “ spherical reduction factor ” or, more briefly, its 
“reduction factor ’’ (see p. 107) (4). 

The Polar Diagram.—In addition to a knowledge of the mean 
spherical candle-power of a source it is often desirable, for purposes 
of illumination calculation, to know the value of the candle-power 
in any given direction. This information can only be obtained, 
theoretically, by means of an infinite number of candle-power 
measurements, but for practical purposes it is generally found that 
the sources ordinarily in use are sufficiently symmetrical about their 
axes for measurements in a single plane to give the information to 
as great an accuracy as is desired. The results of such measurements 
are most conveniently represented by means of a polar diagram in 
which the source is considered to be at the origin, and the length of 
the radius vector in any direction represents the candle-power in 


Fig. 40.—A Polar Diagram of Candle-power. 


that direction. Such a curve is shown in Fig. 40. The ordinary 
convention is that the vertically downward direction is the zero line 
and angles are reckoned upwards, positive on one side and negative 
on the other, to 180° at the zenith (15). Sometimes, in order to give 
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a better representation of the average distribution about the source, 


the radius vector at any angle is drawn to represent the average 


_ value of the candle-power in all directions along the surface of a 


cone having its*axis coincident with the axis of the source, and its 
semi-vertical angle equal to the angle of the radius vector on the 
diagram. 

The Iso-Candle Diagram.—When the source is not sufficiently 
symmetrical to allow of the use of a polar diagram, recourse must 
be had to an “iso-candle” diagram (16). In constructing this 
diagram the source is considered to be surrounded with an imaginary 
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Fie. 414.—An Iso-Candle Diagram on the Cylindrical Projection. 


sphere whose radius is such that at every point on the surface of the 
sphere the source may be regarded as a point source. Contour curves 
are then drawn on this sphere through the points from which the 
source appears to have the same candle-power. T'hese are curves 
of equal candle-power, or “‘iso-candle” curves. The spherical 
diagram thus obtained is reproduced on a flat surface by any of the 
methods of projection used in map making. It is, however, desirable 
that some type of equal-area projection should be used, so that two 
diagrams may give by inspection an approximate idea of the relative 
values of the luminous flux emitted by the sources to which they 
refer. If distortion of the curves be not regarded as any disadvantage 
a simple cylindrical equal-area projection may be used, but if it be 
desired to reduce the distortion as much as possible, the sinusoidal 
equal-area projection is best (17). Figs. 414 and 418 show the iso- 
candle diagrams on these two projections for a source with four 
opaque bars reducing the candle-power at positions 90 apart in 
the lower hemisphere. Only one-half of the complete diagram is 
shown in each figure. 

The methods used for making the candle-power measurements 
necessary for the preparation of a polar distribution diagram or an 
iso-candle diagram will be described in Chapter VII. In the following 
section a description will be given of two methods which are used 
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for the calculation of the mean spherical candle-power of a source 


from a knowledge of its polar distribution curve. . 

The Rousseau Diagram.—It might at first be thought that the 
mean spherical’candle-power of a source could be obtained by finding 
the area of the polar diagram, or the volume of its solid of revolution 
about the 0°—180° axis, but a moment’s consideration will show that 
this is not the case (18). For let curve ABC of Fig. 42 represent the 
polar curve of a source supposed symmetrical about the axis OP. 
Since the radius vector is everywhere proportional to the candle- 


power, the area of the curve is proportional to [‘r2a0, while the 


20 


volume of the solid of revolution is proportional to \ iz @ sind dédd. 


Qa 


The mean spherical candle-power, however, is (1 [4n)] \iz sind dédd, 
4.€., alt sin@ dé, since I, is here independent of ¢. 


R 


Fia. 43.—The Kennelly Construction. 


The value of this expression may be obtained graphically from the 
polar curve by means of a simple construction due to Rousseau (1°), 
and known as the Rousseau diagram. It is shown in Fig. 42. The 
left-hand part of the diagram is a polar curve. At the ends of the 
radii vectores OA, OB, OC, OX, . . horizontal lines are drawn to cut a 
vertical axis at a,b,c, a... Along these lines lengths aa’, bb’, cc’, 
ay... are cut off equal to OA, OBZOG OX: wt and the ends 
a’, b’,c’,y . . . joined by a smooth curve. Now if the angle XOP 
be 0, px = 1 (1—cos 0), so that d px =r sinfdé. Cane inj = 14,80 
that the area of the curve pp’a’b’c'yqp is equal to r| I, sin6 dé, 


0 


and, therefore, on the scale connecting OP with J, the area of the 
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Rousseau diagram represents twice the mean spherical candle-power 
of the source. ah 

Co-ordinate paper can be obtained (2°) with one set of divisions 
proportional to sin @, so that the right-hand part of Fig. 42 can be 
drawn directly from the observed values of candle-power. The 
area of the Rousseau diagram may be found by means of a plani- 
meter, or by the summation of equidistant ordinates, or by a 
graphical construction due to A. E. Kennelly (**). 

This construction will be clear from Fig. 43. The quadrant is 
divided into (n + 4) equal zones, say four of 20° and one of 10°. 
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Fia. 44.—The Russell Angles. 


AB is a 20° are about O as centre, and of radius J,,. BP is marked 
off on BO produced, so that PB = I,). BC is a 20° arc with P as 
centre. CQ is marked off on CP produced, so that QC = I;,, and 
CD is a 20° are with Q as centre. <A similar construction is followed 
above the horizontal, and the vertical distance between the outer 
ends of the extreme 20° arcs is equal to twice the mean spherical 
candle-power J, on the scale chosen for Ig,, Iz, etc. It is easy to 
see that the element of vertical distance added by each complete 
step in the construction is I,{cos (@ — 486) — cos (@ + 1 86)}, 
where 66 is the angular interval between the steps (20° in the figure). 
Hence the total height is ¥2/7, sin@ sin}80, which, when 88 is 


small, becomes SJ, sin@ . 50, or, in the limit, \z, sin? d? = 2F 
: 4 ° 


This method avoids the necessity for the calculation or measurement 
of an area (??), 
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Instead of drawing the Rousseau diagram and calculating the 
area by the addition of equidistant ordinates, it is clearly more simple 
to make the candle-power measurements at the angles which corre- 
spond to equidistant ordinates on the diagram, so that the mean 
spherical candle-power can be found at once from the average of 
the measured values of candle-power (23). 

In Fig. 44 the same polar curve as that shown in Fig. 42 has been 
reproduced, but in this case the axis pq has been divided into a 
number of equal parts. Horizontal lines have been drawn through 
the mid-points of these parts to cut the circle of the polar diagram 
at L, M,N ... andthe points L, M, N ... have been joined to O. 
It follows that if the candle-power measurements be made in the 
directions OL,OM,ON .. . the mean spherical candle-power may 
be obtained simply by taking the arithmetic mean of the values thus 
obtained, for since these would form equidistant ordinates on the 
Rousseau diagram, their mean gives the area of the curve to a 
close approximation. Other sets of angles may be used to obtain 
an equally good approximation with fewer measurements (?*). 

The values of the Russell angles for 20, 10, 8 and 6 ordinates are 
given in the following table :— 


TABLE OF RUSSELL ANGLES FOR CALCULATION OF 
MEAN SPHERICAL CANDLE-POWER * 


20 angles. 10 angles. 8 angles. 6 angles. 
18-2 25-8 29-0 33°6 
31:8 45-6 51:3 60-0 
41-4 60-0 68-0 80-4 
49-5 72:5 82-8 99-6 
56-6 84:3 97-2 120-0 
63-3 95-7 112-0 146-4 
69-5 107-5 128-7 = 
75:5 120-0 151-0 — 
81-4 134-4 — ee 
87-1 154-2 = a 
92-9 came ae Pend 
98-6 —s ame! a 

104-5 — sa = 
110-5 — — * 
116-7 — = = 
123-4 see = =e 
130-5 —— = aa 
138-6 — = 2 
148-2 — oe Z 
161-8 = = = 


* N.B.—The angles here given are measured from a vertically 
downward zero, assuming measurements made in a vertical plane 
through a vertical axis of symmetry of the source. The angles given 
in the paper above quoted, and in most literature, are measured 
upwards and downwards from a horizontal zero. 
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_ The following example will serve to show the method of caleu- 
lating mean spherical candle-power (a) by means of a Rousseau 
diagram, and (6) by the use of Russell angles. The polar curve is 
that illustrated in Figs. 42 and 44, the scale of candle-power being 
indicated along OP. 


Rousseau Diagram. Russell Angles. 

Angle. Candle-Power. Angle. Candle-Power. 
0° 6:8 18-2° 9-6 
LO 7:8 a1-8° 12-0 
20° 10-6 41-4° 12-1 
30° 11-9 49-5° 11-2 
40° 12-1 56-6° 9-9 
BO? 11-0 63-3° 8-7 
60° 9-2 69-5° ) 7-4 
102 1-3 75°5° 6-3 
80° 5:8 81-4° 5-6 
90° 4-7 nol (oa be 5-0 
100° 3°7 92-9° 4-4 
110° 2-5 98-6° 3°8 
120° J-1 104-5° 3-4 
130° 0-4 110-5° | 2-6 
140° 0-1 116-79 1:5 
150° 0-0 123-4° 0-7 
160° 0-0 130-5° 0-4 
170° 0-0 138-6° 0-2 
= a= 148-2° 0-0 
7 = 161-8° 0-0 
Total of 20 readings 104:8 


(Area of Rousseau diagram) ~ pg = 5- 
.’. Mean spherical candle-power = 5-2 
Mean reading at Russell angles, 5-24 candles. 


25. 
5. 


It will be clear from the description given above that the accuracy 
of the mean spherical candle-power determination by both these 
methods depends on (a) the accuracy of the candle-power measure- 
ments, (b) the degree to which the lamp is symmetrical about the 
axis, and (c) the absence of sudden variations of candle-power in the 
regions between the angles at which measurements are made, 
v.e., it depends on the ‘‘ smoothness” of the polar curve. For 
most sources in common use the set of twenty Russell angles used 
in the above example gives a result which is correct within the limits 
of experimental error (?5), When the source cannot, to the accuracy 
required, be regarded as symmetrical about its axis, measurements 
must be made in more than one plane. From theoretical reasoning 
it can be shown (?%) that for a source with two vertical planes of 


a 
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symmetry (¢.g., a gas-filled electric lamp or a two- or four-mantle 


gas lamp) the measurement should be made in one half (0° to 180°) 
of each of the four vertical planes, which respectively make the 
following angles with either plane of symmetry: 9°, 144°, 236°, 
and 27 9°. For a source with three planes of symmetry (e.g., a three- 
source lighting unit) the corresponding angles are 9°, 150°, and 291°. 

Illumination.—In the foregoing paragraphs a description has 
been given of luminous flux and candle-power and their relationship 
with each other. When luminous flux reaches a surface, that surface 
is said to be illuminated, and the illumination at any point of it is 
thus defined :— 2 

“ The ILLUMINATION at a point of a surface is the density of the 
luminous flux at that point, or the quotient of the flux by the area of the 
surface when the latter is uniformly illwminated.” 

Thus the illumination at any point of a surface is the luminous 
flux density at the point (?”), or the quotient of the flux by the area 
if the illumination of the surface be uniform. Thus illumination is 
analogous to pressure at a point in that it is Lim. ,_, (F/s), where s 
is the area (containing the point in question) which receives the 
flux F. There are several units of illumination, according to the 
unit of length adopted for the measurement of s. If s be measured 
in square centimetres, the unit is called the phot, but this unit is 
of an inconvenient magnitude, and the milliphot has been proposed 
for practical use. It is, however, seldom employed. The ordinary 
metric unit is the lux, or metre-candle, which is 1 lumen per square 
metre. The unit on the British system is the foot-candle (?°), which 
is 1 lumen per square foot, and therefore equal to 10-76 metre- 
candles. The defining equation is clearly H = dF/ds, where, if F 
be measured in lumens, and s in square metres or square feet, H is 
measured in metre-candles (lux) or foot-candles respectively. 

It was pointed out in Chapter II. (p. 19) that, as a consequence 
of the rectilinear propagation of radiation, the quantity of radiant 
energy received by any area which is normal to the direction of 
propagation varies inversely as the square of the distance of this 
area from the source, it being understood that the area is so small 
in comparison with its distance from the source that it may be con- 
sidered as a part of the spherical wave surface emanating from the 
source, which is regarded, again, as a point source. Since it has been 
agreed to regard the rate of propagation of light energy as constant 
in photometric work, it follows that the rate of reception of radiant 
energy by a surface under the conditions above described, 7.e., the 
luminous flux it receives (see p. 84, supra), also varies inversely as 
the square of its distance from the source (?°). Now if the small 
area s be at a distance d from a source of which the candle-power 
in the direction of s is 7, then the luminous flux incident on s is 
F, =I x (s/d?), and the illumination H = F,/s = I/d*, where d is 
measured in the same units as s (#9). This relationship gives an 
alternative definition of the unit of illumination as “ that illumina- 
tion which is produced at the surface of a sphere of unit radius, due 
to a uniform point source of one international candle placed at its 
centre.” 

In the above definition the illumination of the surface of a sphere 
is considered, as this avoids the stipulations, necessary in the case 
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of a plane surface, that the area s shall be negligibly small compared 
with d, and normal to the incident light ; for another consequence 
of the rectilinear propagation of radiant energy is that the rate of 
energy reception by a surface is proportional to the cosine of the 
angle between the normal to that surface and the direction of 
propagation of the incident waves (see p. 19). Hence the above 
relationship may be widened to include any area s of which the 
normal makes an angle @ with the direction of the incident light by 
writing it H = I cos 6/d?. . 

This equation is the symbolic expression of the two fundamental 
laws of photometry, viz., the inverse square law and the cosine law 
of illumination (#1), which may be formally stated thus :— 

The illumination of an elementary surface due to a point source 
of light is proportional to the candle-power of the source in the direction 
of that surface, and to the cosine of the angle between this direction and 
the normal to the surface, and it is inversely proportional to the square 
of the distance between the surface and the source. 

When it is impossible to regard the surface as small in comparison 
with its distance from the source, the illumination will be different 
at different parts of the surface, and the average illumination may be 
found either by calculating the total flux incident at the surface and 
- dividing by the area, or, alternatively, by finding the illumination 
at each point and averaging over the surface. Im the case of a 
symmetrical arrangement the latter course is often more convenient, 
and as an example it will be useful to consider the simple case of a 
circular disc of radius a illuminated by a uniform point source .of 
candle-power J placed at a distance d from the dise along the axis of 
the latter. Let Z (Fig. 45) be the source of light, and P any point in 
the plane of the disc distant 7 from the 
projection of Z on the plane, then the 
illumination at P is I cos @/(r? + d?), 
and since cos @ = d/Vr? + d?, this may 
be written J cos? @/d?. It should be 
remarked in passing that this result 
shows that the illumination at any 
point of a plane due to a source at a 
distance d from the plane is propor- 
Fra. 45.—The “Cosine-cubed” Law. tonal to the cube of the cosine of 

the angle of incidence @ of the light 
when the source is uniform, and varies as J, cos °@ when J varies 
with @. This is sometimes referred to as the ‘ cosine-cubed ” 
law (®?). For the disc, when J, is independent of 6, it follows that the 


a 
average illumination is (1/za?)| (J cos 6/d?)27rdr, where r = d tan 0. 
2 0 ‘ ; 


etan-1(a/d) 
This equals (2/ [a°)| sind dé or (22 /a®){1 — d/Va® + d?}. When a 
0 
is small compared with d, this expression reduces, as it should, 
to I/d*. The same expression may be obtained by the flux method, 
for assuming the disc to have its edge on a sphere of radius Wa? + d2 
with the source as centre, the flux reaching the dise is AJ/(a2 + d?), 
where A is the area of the spherical sector limited by the disc. Since 
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»  Ap= on/ar d2{ 4/ a* + dq? — d\, the expression for the flux 
becomes 27J{1 — d/Va? + d?}, so that the average illumination 
of the dise becomes (2//a){1 — d/Va® + d?}\ as before. 

The Calculation of Illumination.—A very important problem in 
practical engineering is that of finding the illumination produced at 
different points on a given plane (e.g., the surface of a street, the 
level of a table, etc.) by one or more light sources of known candle- 
power situated at known positions with respect to the plane and to 
the points considered. 

_ From what has been proved above it follows that the illumina- 
tion of a horizontal plane at P, due to a source L (see Fig. 45) is 
I, cos® 6/h?, where h is the vertical height of the source above the 
plane and J, its candle-power in the direction 6. If a number of 
sources contribute to the illumination at P the total illumination is 
21 cos? 6/h?. 

The Illumination Curve.—The formula just quoted makes it 
possible, from a knowledge of the polar curve of a source and its 
height h above a plane, to calculate the curve of variation of illumina- 
tion along any line situated in that plane and passing through a 
point vertically below the source (**). Such a curve is shown in 
Fig. 46, where the heavy line is the curve of illumination along a 
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Fic. 46.—The Illumination Curve for a Single Source. 


line 5 metres below a source having the polar diagram shown in the 
top left-hand part of the figure. If, now, there be, instead of one 
source, a number of similar sources spaced at 10-metre intervals 
over the line for which the illumination curve has been drawn, the 
curve giving the total illumination due to all the sources is obtained 
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by superposing a number of curves like that of Fig. 46, the maxima 
being placed at distances apart corresponding to 10 metres. This 
has been done in Fig. 47, where the full line curve, obtained by 
adding the ordinates of the simple (broken line) curves, shows the 
distribution of illumination due to the whole line of sources. Clearly, 
if the sources be not all similar, a separate illumination curve must 
be drawn for each single source, and these individual curves, when 
superposed at the proper intervals, will then give the final illumina- 
tion curve. It will be obvious that a similar method may be applied 
generally, i.e., when the sources are arranged in any manner whatever 
with respect to the line considered, but the calculations involved 
will be very much more complicated than in the example given 
above (3). 

The Iso-Lux Diagram.—The illumination curve of Fig. 47 shows 
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Fie. 47.—The Illumination Curve for a Line of Sources. 


only the distribution of illumination along a single line. If it be 
desired to show the distribution over an area, this is most con- 
veniently done by means of a map giving lines of equal illumination. 
Trotter has described a simple method of constructing such a 
map (*°). The simplest case is that of two sources. Strips of paper 
are marked off with a scale representing the illumination due to a 
single source at various horizontal distances from that source. Such 
a scale corresponding to the curve of Fig. 46 is shown above the curve 
in that figure. Two such scales are pinned to a sheet at points 
representing the positions of the two sources (see Fig. 48), and marks 
are made at the points of intersection of the scales, where the sum 
of the graduations has a given value. For example, the 4 metre- 
candle contour is the line joining the points where the scale marks 
0-5, 3-5; 1,3); 1-5, 2-5 on the two scales respectively are coincident. 
The complete contour map is shown in Fig. 48. The larger the 
number of sources the more complicated become the necessary 


—— Ss -—f- - — ~~ 


7 ee. oo. 


THE PRINCIPLES OF PHOTOMETRY 99 


calculations. Examples of such maps for different arrangements of 
sources may be found in the literature of illumination (°°). 

_ Brightness.—In the above section, dealing with illumination, it 
will have been noticed that the nature of the surface was not men- 
tioned. This is because the illumination of a surface does not 
depend at all on the nature of that surface. If a piece of white 
paper and a piece of black cloth receive the same amount of luminous 
flux per unit area, they are equally illuminated, however different 
may be the appearance they present to the eye. This difference of 


Fic. 48.—The Construction of an Iso-Lux Diagram. 
o 


appearance is entirely due to the fact that the surfaces behave 
differently as regards the proportion of the incident light which 
they are able to reflect to the eye. The apparent brightness of a 
surface depends solely on the illumination of the retinal image, and 
this, for any given condition of the eye, depends solely on the angular 
density of the luminous flux which unit area of the surface emits 
in the direction of the eye (#7). The distance from which the object 
is viewed is immaterial (*%), since, although the flux entering the eye 
from unit area of the surface varies inversely as the square of this 
distance, so does the superficial area of the retinal image (see p. 24), 
and hence the illumination of this image is constant. The brightness 
of a surface may, therefore, be defined thus (°°) :— 

“ The brightness in a given direction of a surface emitting light rs 
the quotient of the luminous intensity measured in that direction by the 
area of this surface projected on a plane perpendicular to the direction 
considered. The unit of brightness is the candle per unit area of surface.” 


2 
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Thus if O in Fig. 49 represent a surface whose brightness in the 
direction OP is B, then the candle-power of the surface per unit 
projected area is B, i.e., the candle-power per unit of actual area in 
this direction is B cos 6. In this it is assumed that the size of the 

surface is small compared 
with the distance at which 


ne ire: the candle-power is measured. 
Oy EAE The defining equation for 
ae brightness is therefore B, = 
(dI,/ds) sec 0. 
V, Thus it will be seen that, 


Ok while illumination is the 
Element of measure of the light received 
diffusing surface by a surface, brightness is the 
Fig. 49.—The Relation between Brightness measure of the light emitted 
and Flux Emission. in any given direction (*°). 
This ight may be due either 
to self-luminosity, as in the case of a flame or other luminous source, 
or it may be due to reflection by a non-self-luminous surface of some 
of the light received by that surface from a self-luminous body. The 
two units generally employed are the candle per square millimetre 
or the candle per square metre. The first, which is a million times 
as large as the second, is generally used for self-luminous surfaces, 
the second for non-self-luminous surfaces, but this arrangement is 
purely a matter of convenience. As an example of the order of 
magnitude to be dealt with, it may be mentioned that the brightness 
of an acetylene flame is about 2 candles per sq. mm., and that of 
the crater of an arc with pure carbon electrodes is about 160 to 170 
candles per sq. mm. The brightness of a piece of white paper 
illuminated sufficiently for writing purposes (30 to 50 metre-candles) 
is of the order of 10 to 15 candles per square metre. On the British 
system of units the candle per square inch and the candle per square 
foot are used. 

So far only the brightness of a surface in a given direction has 
been dealt with, and in practice it is found that all surfaces, to a 
greater or less extent, vary in brightness according to the direction 
in which the measurements are made. From the defining equation 
it will be seen, however, that if J, = J cos 6, where J is the candle- 
power per unit area in the direction of the normal to the surface, 
then B = dI/ds, and is independent of @. Such an ideal surface is 
known as a “perfectly diffusing surface’ or, more shortly, a 
‘perfect diffuser.’ Although, as has been said above, no such 
surface is known in practice, a large number of surfaces exist for 
which the relationship holds approximately over a wide range of 
values of 6. Such surfaces are said to be “‘ matt,” or “‘ good diffusers,”’ 
and have many applications in photometry. <A perfectly diffusing 
surface is said to obey the cosine law of emission, which was first 
enunciated by Lambert (*'), and may be thus stated :— 

A perfectly diffusing surface is one for which the candle-power 
per unit area in any direction varies as the cosine of the angle between 
that direction and the normal to the surface, so that it appears equally 
bright whatever be the direction from which it is viewed. 

The brightness of a perfect diffuser may very conveniently be 


ee 
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expressed in-terms of the flux emitted by it per unit area, for 
(Fig. 49) ; ; 
7/2 | 2 
F* | Leos @d8. 2m sin 8 = a1 sin 20 dé = aI, 
0 0 

so that the flux emitted per unit area by a perfect diffuser whose 
brightness is J candles per unit area is 7J lumens. The brightness 
on this system may be defined as “ the total luminous flux emitted 
by the surface per unit area’ and measured in lumens per square 
metre or per square foot. The defining equation is thus Br = dF'/ds. 
When F is measured in lumens and s in square centimetres, the unit 
of B, is called in America the lambert (42). This unit is, however, of 
an inconvenient size, and its thousandth part, the millilambert, is 
generally employed on this system. From the defining equations of 
the two systems it follows that By = 7B, so that a perfectly diffusing 
surface which has a brightness of 1 candle per square metre has a 
brightness of 7 lumens per square metre, i.e., 7 X 10-4 lamberts or 
7/10 millilamberts. Brightness expressed in millilamberts may 
thus be expressed in candles per square metre by multiplying by 10/r. 
Although a brightness of 1 lambert implies an emission of 1 lumen 
per unit area only in the case of a perfect diffuser, it is clear that the 
brightness of any surface in any direction can be expressed in the 
same units by simply expressing it in terms of the brightness of a 
perfectly diffusing surface having a brightness in all directions 
equal to 1 lambert. “To say that the brightness of a surface as 
viewed from a given point is n lamberts signifies that its brightness 
is the same as that of a perfectly diffusing surface emitting or reflect- 
ing m lumens per square centimetre ”’ (*). 

A similar unit on the British system is the foot-lambert, which 
may be defined (*) as “the average brightness of any surface 
emitting or reflecting 1 lumen per square foot, or the uniform bright- 
ness of a perfectly diffusing surface emitting or reflecting 1 lumen 
per square foot.” 

It is regrettable that the two methods of expressing brightness 
should have come into use, for, while the flux system has the 
advantage that for a surface which may, for practical purposes, be 
regarded as a perfect diffuser, the brightness in foot-lamberts is 
numerically equal to the illumination in foot-candles multiplied by 
the reflection factor of the surface (see p. 110), there can be no doubt 
that much confusion is caused owing’to the somewhat artificial 
conception needed on the flux system, and to the fact that it tends 
to obscure the essentially similar nature of brightness and luminous 
intensity. These two quantities differ only in that one is the area 
density of the other, and it seems only logical that if one be measured 
in candles, the other should be expressed in candles per unit area. 
No name has been adopted for the unit of brightness on this system, 
and a name seems unnecessary except for the sake of brevity (*°). 
In this book, therefore, brightness will always be expressed either 
in the units described in the first definition, viz., candles per square 
metre or per square millimetre, or, where the British system is being 
employed, in candles per square foot or per square inch. — 

It has been said already that no surface obeys the cosine law of 
emission perfectly. Nevertheless, many of the surfaces dealt with 
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in photometry obey this law to a sufficiently close approximation 
for the purposes of calculation in certain classes of problems. The 
closest approximation is that given by a “ black-body ”’ cavity, the 
opening of which behaves very accurately as a surface radiating 
according to the cosine law, so that, at a distance which is large 
“compared with the size of the opening, the luminous intensity may 
be taken as proportional to the cosine 
of the angle between the line of 
measurement and the axis of the sur- 
face. If P (Fig. 50) be an element of 
such a surface, whose area is a@ and 
whose normal brightness is B candles 
per unit area, then the flux emitted per 
> unit solid angle in any sees oe : 
nile ales Ba cos@, where @ is the angle whic 
Sear oe rarer PQ makes with the normal to P. The 
flux incident on an element of surface 
of area b situated at Q, and having its normal at an angle ¢ with 
PQ, is therefore (b cos ¢/d?) . Ba cos 6, where PQ = d. 

The symmetrical form of this expression, Bab . cos @. cos d/d*, 
shows that the flux reaching Q from P is equal to that which P 
would receive from Q if the latter had a normal brightness of B 
candles per unit area. 

When one of the surfaces is not negligibly small compared with 
the distance d, each element may be taken as radiating according to 
the cosine law, and the aggregate 
result may be obtained by inte- 
grating the above expression over 
the surface; thus in the case of 
a radiating circular disc (4°) of 
radius r the flux received by a 
parallel and coaxial element of 
area b is wbBr?/(d? + r?), where B 
is the normal candle-power per 
unit area of the disc and d the 
distance from it at which the 
elementary area is situated. For ri. 51.—The Radiation from a Disc. 
(Fig. 51) if P be an element of the 
disc at a distance x from the axis and of area a, the flux reaching 
Q from P is 


Bab cos? 6/(d2 + x?) = Babd?/(d? + a?)?. 


The flux reaching @ from an annulus of radius « and breadth dx 
is therefore Bbd?.27adx/(d? + a*)®. Thus the total flux reaching 


: 
b from the disc is 2n Boa | a(d? + a*)-"dx = wBbr?/(d? + r?). It 
0 
will be seen that this differs from the result which would be 
obtained according to the simple inverse square, viz., a. Bb/d?, by 
the factor d?/(d? + 7°). It follows that the true candle-power, as 
measured when d= oo, may be deduced from the candle-power 
measured at a finite distance by multiplying by the factor (d? + r2)/d?. 
The values of this factor for different values of r/d are given in 
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Deviation from Inverse Square Law (Cr cect) ' 
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Fic. 52.—The effect of Size of Source on the Inverse Square Rule. 


curve A of Fig. 52. When the receiving element is not on the axis 
of the radiating disc, but is at a distance p from this axis, the 


expression for the flux received becomes 4 mbB[1 — e//c? + 73), 
where c = (d* — r® + p*)/2d. This may be written 

4 7bB{1 — cosec 6 + (r/p) cot 0}, 
where sec 6 = (d? + p® + r?)/2pr. 


When the receiving element is perpendicular to the plane of the 


- dise instead of parallel to it, the flux received can be shown to be 


17bB(d/p){1 + cosec 6}. Of this amount the contribution from the 
half of the disc shown unshaded in Fig. 53 is 
(Bbd/p){cosec 6 tan™'V/(sec 8 — 1)/(see 0 + 1) 
+ (p/ Vd? + p*) tan™ (r/Vd? + p?) — 7/4} 
When p = 0 this gives the radiation from a semicircular disc 
to an element situated on the axis, but perpendicular to the plane 
of the disc, 27z., 


Bb{tan-1(r/d) — rd/(r? + d?)}. 


This result may readily be obtained by direct integration (47). 
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From the above results it is quite easy to deduce that the total 
flux which reaches any disc from another parallel disc radiating 
according to the cosine law (#$) is 


alae 47° B{(r? + 12? + d?*) 

—Vr2 +r + & — 4}. 
Since the total flux from the radiating disc 
is 7’r2B, it follows that the fraction of 
the whole flux which reaches the second 

d disc is 
(1/2r,2){ (ry? + 1? + d?) 
ss V (r2 + 7,7 + d2)* — 4r 77,7}. 


e It is easy to show that when two discs are 

Fic. 53.—The Radiation from SO Placed that their edges form small 

a Disc to a Perpendicular circles of the same sphere, the flux received 

Surface. by either disc from the other is indepen- 

dent of the relative positions of the two 

discs on the sphere, so that it can be at once found from the 

formula just given. It may also be shown that the amount reflected 
back to the radiating disc is 


1 : 
3 pm B [in Pret @)— VPs ts ey eae 


— dr, tan— —,, 2dryr3" | 
1 (d? = ee ate + (d? + slg ’ 
where 7, is the radius of the radiating disc and r, that of the reflecting 
caisc.(2?). 
Another important case is that of a radiating cylinder of radius a 
and length 2/. The radiation from such a cylinder to an elementary 


Fia. 54.—The Radiation from a Cylinder. 


surface P at a distance d from the axis of the cylinder, and situated 
on and perpendicular to a line passing through the centre of the 
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cylinder and perpendicular to its axis, has been given by Flyde (°°) 
as (Fig. 54) 


2Ba \| (d cos « + a)(d — a cos «){a® + d? — 2ad cos « + y?}—dady 


where the limits of y are + 1, and those of « are + cos-l(a/d). This 
reduces to 


2B d? — a? — [2 (q+1 p u 
ee a) ee Be eR = se J 
7 [ « cos Poa ee) Ne cot-1 fi — 2 cot vp} |. 

where p = (d + a)/(d — a) andq= {(@ + a)? + P\/{(d — a)? + BY, 
When, as is commonly the case in practice, a is small compared 

with d, the cylinder may be regarded as equal to an elementary 

strip of breadth 2a and length 2/. The 

radiation from such a strip to P is clearly 

(Fig. 55), putting tan™ y/d = 0. 


tan-1l/d 


4aB) {cos?0/(d2 + y2) }dy = (4aB/4)| cos? dé 
= (2aB/d) {tan— (I/d) + Id/(i2 + d?)}, ¥ 


which is also the limiting value of Hyde’s 


expression when a becomes a small quantity a 

so that squares and higher powers of a ma 

beneel oF a 8 - y Fic. 55.—Radiation from 
gie : a Straight Flat Strip, 


If J also be small compared with d, this or from a Rod of Flame. 
becomes, as it should, 4a/B/d?. It follows 
that if] be not small compared with d the result given by the inverse 
square rule is too large, being divided by the factor 


(d/21) {tan- (I/d) + Id/(I® + d2)} (*). 


The magnitude of this error for different values of I/d is shown in 
curve B of Fig. 52, p. 103. 

The above examples will serve to show the general principles 
upon which may be based calculations of the illumination at a 
given point due to the 
flux from an extended 
source, and the 
methods by which 
those calculations 
may be carried 
ovt (52), Other results 
which are of some im- 
portance in photo- 
metry are (i.) the illu- 
mination due to a 
plane rectangular 
source at a point situ- 
ated on the line per- 
pendicular to the 
source and _ passing 
through one corner of 
it; (ii.) the illumina- 


Fic. 56,—Radiation from a Rectangular Area to a 
Point opposite One Corner. 
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tom) 

at a point in a room due to a rectangular window through whi 

visible a sky of uniform brightness. 
iO eer oe oe 

Hy = 4 ar(x— a! cos P}, and By= 5 7(a’ sin B +f’ sina}, 
where B is the normal brightness of the rectangle, d = PC, and 
Ey or Ey represent respectively the flux received per unit area on 
an elementary horizontal or vertical surface placed at P. It is clear 
that the general case, when the position of P is not restricted, may be 
treated as shown in Fig. 57. When 
finding the illumination at P, the 
rectangle ABCD is divided into 
the four rectangles PA, PB, PC 
and PD. In the case of Q, 
rect. ABCD = rect.QB + rect.QD 
— rect. QA — rect. QC. 

It is to be noticed that in find- 
ing Ly at P the rectangles PD and 
PC have to be neglected, since they 
contribute nothing to the illumi- 
nation of the upper side of a hori- 
zontal surface at P. 

The problem of the radiation 
from a flame is of importance in 
the photometry of flame sources 

Fic. 57.Radiation from a Rectan. 224 of electro-luminescent sources, 

" gular Area to any Point. such as the mercury vapour lamp 

or the Moore tube, where the 

condition as to transparency of the radiating body is approximately 

met (5°). The latter case is of considerable practical importance in 

photometry (°), and has been investigated by several workers, some 

of whom, however, have regarded this form of source as radiating 
according to the cosine law (5°). 

It is clear that the illumination of P (Fig. 55) due to the flux 
from a rod of flame, each part of which is perfectly transparent, is 


equal to I faq + y*)-*"dy, where A is the cross-section of the 


rod, and J, the candle-power per unit volume of the flame (necessarily 
the same in all directions). The integral equals [,Al/d /d2 + 2. 

Similarly it can be shown (°8) that the illumination due to a disc 
of radius r and elementary thickness ¢ is 27/,t{1 — d/Wd? + r?\, while 
that due to a rectangular flame of the dimensions shown in Fig. 56 
is I,f tan-1 (sin «’ tan £). 

The solution for the cylindrical flame of radius 7 and semi- 
height / is less simple, leading to a form containing elliptic integrals. 
The final result for the illumination due to the whole flame (height 2h) 
is (¢ being measured to the axis of the cylinder) 


{AL rht/dvh® + (r + d)?} {Fy (k) + Ty(n, k). (d — r)/d + r)} 


> 


The solution is (54) (Fig. 56) 


po 


— a 
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where F’, is the complete elliptic integral of the first kind and 
k® = 4rd/{h® + (r + d)?}. 
II, (n, &) is equal to the expression 


V1 — hk’? sin? 6 
k’? sin @ cos 6 


Py(k) + 


5+ Falk) - FW’, 0) — Bylh) Fe, 6) 
— F(k)E(k’, ay} 


where k’?— 1 — k? = {h? + (d — r)?}/{h2 + (d + 12} 
and k’ sin 0 = (d—r)/(d +7). 


For the special case r = h = 4/10 the iliumination is about 
3 per cent. greater than that found by assuming the light concentrated 
at the centre of the base of the flame (5°). 

In all ordinary cases the flat flame is not sufficiently large to 
necessitate any correction on account of departure from the inverse 
square law. In the case of a cylindrical flame the problem is only 
of practical importance when flame standards such as the Harcourt 
pentane lamp (see p. 127) are used. In this case the flame is 20 mm. 
in diameter and 47 mm. high, and the candle-power certified for the 
lamp is that calculated from the illumination measured at a surface 
exactly 1 metre from the central axis of the flame (°°). If any other 
distance is used, a correction should, theoretically, be applied. In 
practice, however, this correction may be neglected at all distances 
exceeding 500 mm. 

The analogous case of the “squirrel cage’ filament lamp, in 
which the filament consists of a number of vertical limbs disposed 
on the surface of an imaginary cylinder, has been discussed by 
U. Tanaka (*), who finds that the first order correction on the dis- 
tance is reduced to zero if the semi-height of the filaments and the 
radius of the cylinder are related by the equation h = 0-86,r. 

Reduction Factor.—It will be seen from the above results that the 
total flux emitted by a disc radiating on one side with a normal 
brightness of B candles per unit area is 7Bs. Its mean spherical 
candle-power is therefore 4 Bs. Its normal candle-power is Bs, so 
that the factor connecting the two is }. This may be termed the 
“normal ”’ reduction factor for a disc. 

Similarly, the total flux emitted by a straight filament of length 1 
and radius r having a normal brightness of 6 candles per unit area 
is 7B.2zrl, so that the mean spherical candle-power is 4 7Brl. The 
candle-power in any direction perpendicular to the filament is 
2Brl, so that the factor in this case is 7/4. This may be termed the 
mean horizontal reduction factor, since it is the factor connecting 
the mean horizontal candle-power of a vertical filament with the 
mean spherical candle-power (**). An electric lamp with squirrel- 
cage filament and an upright incandescent gas mantle may be 
regarded approximately as cylinders, and therefore these sources 
have a spherical reduction factor (see p. 88) equal to 7/4 or 
0:785. 

It is also of interest to draw the polar curve (p. 88) of an 


¢ 
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elementary radiating disc and cylinder. In the case of the disc the 
axis of symmetry is the axis of the disc, and the candle-power at 
any angle @ is proportional to cos 0, so that the polar curve is simply 
a circle touching the disc and having its diameter to represent the 
-candle-power in the normal direction (**) (Fig. 58). In the case of 
an elementary cylinder the axis 
of symmetry is the axis of the 
cylinder, so that the polar curve 
becomes two touching circles, of 
which the filament forms the 
common tangent, each circle hav- 
ing its diameter to represent the 
- candle-power of the filament in 
the normal direction. The two 
polar curves of Fig. 58 represent 
respectively a disc and a cylinder 
giving the same total flux, for in 
the first case the normal candle- 
power Jy = F/z, and in the 


Polar Curve of 
Cy linder 


second case }aly’ = F/4z, so 
A Polar Curve that ly’ = F/x*. This diagram 
of Dise illustrates very forcibly the diffi- 


culty of judging total flux from 
Fic. 58.—Polar Curves fora Disc anda a polar curve (see p. 91). 

Cylinder. Photometry of a Screened 
Source.—When a diaphragm is 

placed in front of a uniformly bright diffusing source, the illumination 
at any point in front of the diaphragm may be found by regarding the 
opening in the diaphragm as a plane diffusing source of brightness 
equal to that of the surface behind it, whatever the shape of this 
latter surface may be, for it is clear that to an eye placed anywhere 
in front of the diaphragm the opening appears to have a uniform 
brightness equal to that of the source. It follows that if the finite 
size of the opening be neglected the illumination varies inversely as 
the square of the distance from the diaphragm (*). This is a principle 
often used in photometry. It can naturally be applied only as long 
as the diaphragm aperture is completely filled by the source when 
the combination is viewed from the point where the illumination is 
being considered. In the case of a vertical diffusing strip masked 
by a diaphragm with a long horizontal opening, the position of the 
“effective light-centre ” is not definite. It may generally be taken 
as approximately half way between the strip and the diaphragm ‘ee * 
for if / be the distance from the photometer to the diaphragm, and d 
the separation from diaphragm to source, the distance of the effective 


light source from the photometer is clearly W/(l + d) = ( a : a) 


approximately so long as d is small compared with 1. 

A similar principle may be used in finding the light distribution 
from an opaque diffuse reflector placed over a light source. If the 
total flux intercepted from the source by the reflector be ® and the 
reflection factor p, it follows that the reflector, if its edge be plane 
and internal reflections negligible, has a luminous intensity in the 
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direction 6 equal to (p®/7) cos 6, where 6 is measured from the normal 
to the plane containing the edge of the reflector. The method may 
clearly be extended (6°), 

Brightness of an Image formed by a Lens or Mirror.—When a 
lens or mirror is used to form an image of a source or other bright 
object on a diffusing surface, the illumination of this image is 
proportional to the brightness of the source, B, and to the aperture 
of the lens or mirror. It is independent of the area s of the source, 
for the flux reaching a lens of area a from the source is Bsa/u?, if s 
and a be both small compared with w, the distance of the source from 
the lens. The flux transmitted to the image is therefore 7Bsa/u?,- 
where 7 is the transmission factor (see p. 116) of the lens. Since the 
area of the image is v2s/w? (see p. 24 ; sis assumed to be the projected 
area of the source as viewed from the lens), its illumination is 7Ba/v?. 
This principle is used in some forms of photometer in which a variable 
diaphragm is placed over a lens so that the value of a can be changed 
at will (see p. 183). 

Brightness of a Projector System: The Maxwellian View.— 
Another principle which is sometimes useful in photometry is that, 
if a lens or mirror be caused to form a real image of a surface at the 
pupil of the eye, the whole surface of the lens or mirror appears to 
have a uniform brightness equal to that of the original object 
surface B, multiplied by the transmission or reflection factor of the 
system and by a factor depending on the relative distances of the 
object and the eye from the lens or mirror. The case of a biconvex 
lens may be considered by reference to Fig. 59. Let S be an element 
of the surface and ZL the lens forming an image of S at P. Let P 
and R be respectively the pupil and retina of the eye. The eye is 
focussed on L so that an image of the surface of L is formed on Rf. 
If both S and Z be small compared with the distance between them, 
the flux reaching an element (area a) of the lens at @ is sB.a/u?. 
Hence the flux reaching P from S through @ is rsaB/u?. Now if L 
were replaced by a diffusing surface of brightness B’, the flux reaching 
P trom Q would be paB’/v?, where p is the area of P (the pupillary 
aperture). Hence the apparent brightness of Q is rsBv?/pu?. It is 
here assumed that v?s/u?, the size of the image of S, is smaller than P, 


Fria. 59.—The Principle of the Maxwellian View. 


otherwise the iris acts as a stop, limiting the apparent brightness of 
L to the value 7B. 

This principle is made use of in some photometric instruments 
designed to measure sources of light of low candle-power, or those 
which are situated at a considerable distance, a lens being arranged 
to form an image of the source at the pupil of the eye. The arrange- 
ment is sometimes termed the ‘‘ Maxwellian view,” it having been 
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adopted by Clerk Maxwell in his colour-mixing apparatus (°”). By 
its use an extended field of view may be obtained, with a brightness 
very much greater than that of the ordinary photometric comparison 
surface used in most instruments (°°). In spectrophotometry or 
colorimetry the Maxwellian view is used to obtain an extended field 
of uniform colour. j 

Referring again to Fig. 59, if S’ be a neighbouring element of the 
same surface as that of which S forms a part, the light reaching R 
from S’ through Q is shown by the broken lines. It will be seen that 
the rays by which Q is viewed at R pass through different parts of 
P unless S be very small. In this latter case the light from each part 
of L only passes through a very small area of P. In consequence, 
when the Maxwellian view is used with a source which subtends a 
very small angle at the lens, the field of view is marred by the 
imperfections in P, such as variations in transmission which cause 
patchiness, and specks or other opaque bodies which give shadows 
moving apparently across the field of view (°°). 

There is a precaution to be observed in photometric instruments 
in which the Maxwellian view is employed, particularly when the 
photometric balance is achieved by rotation of part of the optical 
train. If, as is generally the case, some shift of the image is liable 
to occur during the rotation, it is necessary to ensure that the eye- 
piece does not act as a stop of variable aperture. This is achieved 
either by making the image so small that it is always completely 
within the aperture, or, alternatively, by having the image more 
then large enough to cover the aperture completely with a patch 
of uniform illumination. Generally this can be arranged by using 
as the object a small diffusing surface of uniform brightness or a 
small uniform patch of an extended diffusing surface. 

Reflection, Absorption and Transmission——When radiation 
(including light as a special case) is incident wpon the surface of a 
body, then some of. it is, in general, regularly reflected, some is 
diffusely reflected, while the remainder passes on into the substance 
of the body. Of this latter, some is absorbed, some is reflected back 
into the body at the surface of emergence, while the remainder 
emerges, some of it regularly, according to the law of refraction, and 
the rest diffusely. 

_It is convenient to divide surfaces into two classes : those which 
reflect regularly, and may therefore be termed “ polished,”’ and those 
which reflect diffusely, and are called ‘‘ matt” or ‘‘ unpolished.” No 
surfaces behave in practice as either perfectly polished or perfectly 
matt, and most surfaces depart very markedly from the ideal in 
either direction. It is, however, convenient to consider the behaviour 
of these two classes of theoretical surfaces, and thence to deduce the 
general behaviour of surfaces met with in practice. 

“THE REFLECTION FACTOR of a body is the ratio of the flux reflected 
by the body to the flux incident upon it. 

“The flux reflected according to the laws of specular reflection is 
called specularly reflected flux, and the corresponding reflection factor 
is called the factor of specular reflection. The flux diffused, i.e., that 
sent out wm directions other than that of regular reflection, gives the 
diffuse reflection factor. The total reflection factor is obtained by 
considering the whole of the flux reflected by the body.” 
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The reflection factor of a body may differ very greatly, according 
to the frequency of the radiation ; in fact, the colour of a non-self- 
luminous surface depends entirely upon the power of that surface 
to reflect light ofcertain frequencies more strongly than that of other 
frequencies. A blue object, for example, has a higher reflection 
factor for frequencies in the neighbourhood of v = 20,000 than for 
any other part of the visible spectrum. From this it will be seen at 
once that the colour of such a surface is dependent upon the colour 
of the light it receives, for it is obvious that it cannot reflect light of 
frequencies which are absent from the light which it receives (7°), 
so that a normally “ blue-green ”’ object, if illuminated by a light: 
containing no frequencies above about 17,000 appears quite black, 
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Fia. 60.—The Reflection of Light from a Coloured Surface. 


since its reflection factor for the lower frequencies is very small (7). 
A white surface is one which has an equal reflection factor for all 
frequencies in the visible spectrum. It therefore appears to be of 
exactly the same colour as the light illuminating it (”). 
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The foregoing statements are illustrated by Fig. 60, in which 
curve R shows the energy distribution in a certain kind of red light, 
and curve B is a curve of reflection factors for a blue surface. The 
similar curve W, for a white surface (not shown), would be a 
horizontal straight line through, say, the ordinate 0-8. In the lower 
diagram the energy distributions in the light reflected from the two 
surfaces are exhibited by curves BR and WR. The ordinates of these 
two curves are obtained by multiplying the ordinates of curve R by 
the corresponding ordinates of curves B and W = respectively. 
Similarly, curve BW represents the spectral distribution of white 
light reflected from the blue surface. 

It is to be noticed that a second reflection results in a further 
multiplication of the ordinates of the spectral distribution curve. 
This is illustrated by Fig. 61, where the curve B?W is obtained by 
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Fic. 61.—Double Reflection from a Coloured Surface. 


squaring the ordinates of curve B or BW in Fig. 60. It will be seen 
that the colour of the reflected light is accentuated by this second 
reflection, and it is clear that the colour would be further pronounced 
after a third or subsequent reflection. This fact is of importance in 
connection with the choice of an inner coating for a photometric 
integrator (see Chapter VIL., p. 216). 

Regular Reflection.—The reflection factor of a polished surface 
depends not only on the frequency, but also, in the case of polarised 
light, on the angle between the plane of incidence and the plane of 
polarisation. Hresnel’s law (7°) states that if p, and p, be respectively 
the reflection factors for light polarised in and perpendicular to the 
plane of incidence, then . 


py = sin® («1 — r)/sin® (¢ + 7) 
and po = tan? (« — r)/tan? (2 + 1), 
where 7 and r are the angles of incidence and refraction. For 


perpendicular incidence it follows that »; = p, = (n — 1)2/(m + 1)2 
' . ‘ : ‘ / ? 
and for glancing incidence (¢ = 90°) p, = p.» = 1 
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_ With glass of refractive index 1-5 the values of p, and p, are given 
in the following table (74) :— 


0° a5: 30° 45° = 66:37 > 9 6c 75° 90° 
0-040 0-044 0-058 0-092 0-148 0-177 0-399 1-000 
Pg = 0:040 0-036 0-025 0-008 0-000 0-002 0-107 1-000 
7, = 0-960 0-956 0-942 0-908 0-852 0-823. .0-601 . 0-000 
T, = 0:960 0-964 0-975 0-992 1-000 0-998 0-893 0-000 


a 
PI 


ll ll fl 


Light polarised in a plane making an angle ¢ with the plane of 
incidence may be regarded as consisting of two components, whose 
intensities are proportional to cos* d and sin? 4, polarised respectively 
in and perpendicular to the plane of incidence, so that the reflection 
factor of the surface is in this case p = p, cos? d + py sin? d. Un- 
polarised light may be regarded as made up of equal components 
polarised in two perpendicular- directions, so that in this case 
p = (p1 + Po). 

From this table it will be seen that at a certain angle, for which 
tan 7 = n (known as the polarising angle), the reflection factor is 
zero for light polarised perpendicular to the plane of incidence, so 
that ordinary light reflected at this angle should be completely 
polarised in the plane of incidence (7°). This phenomenon was made 
use of in some early forms of polarisation photometer (see p. 4). 
In practice the polarisation is never complete, owing, probably, to 
the fact that the transition from one medium to another does not 
take place with absolute suddenness, but that there is an extremely 
thin transition layer (7°). 

While the above treatment is applicable to transparent bodies 
for which n can be measured, for opaque reflectors, such as metals, 
there is no such theoretical basis. The reflection factor varies with 
the state of polish of the surface, and it also depends on the frequency, 
direction of plane of polarisation, and angle of incidence of the light. 
In the case of silver it may be as high as 0-9 or more. Some values 
of reflection factors are given in Appendix VII., p. 476. 

It is easy to show that if an element of surface of brightness B 
be viewed by means of a polished 
plane surface of reflection factor N 
p, the light appears to come from 
an element of surface of bright- , 
ness Bp situated symmetrically  \ 
with the real surface on the e 
other side of the reflecting sur- 
face (Fig. 62). This surface is 
known as the image of the 
original surface in the reflector, 
and if P be a part of the original 
surface, and P’ its image, then 
EP EN = NM Tie NAL, 
and so for any other direction 
of the reflected light. Hence Fra. 62.—Reflection in a Polished Surface. |) 
PP’ is bisected perpendicularly ; 
by MQ at Q, and so for any other point of the surface. The flux 
emitted from P in the direction PM appears to come from P’ along 


I 
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the path P’L. If the brightness of P in the direction PM be B, the 
flux reaching LZ would be the same as that from an equal element 
of surface at P’, assuming perfect reflection. If the reflection factor 
is p, however, the flux is reduced in this ratio, that is, it is now the 
same as that which would be received from a surface at P’ of 
brightness pB. It is to be noted that this is also the apparent 
brightness of the reflecting surface at M. 

Diffuse Reflection.—A perfectly matt surface has been defined 
(p. 100) as one which emits light according to the cosine law. 
Similarly, a perfectly diffuse reflecting surface may be defined as 
one which redistributes the light it receives in such a manner that, 
whatever be the directional distribution of the incident light, the 
light reflected from each element of the surface in any given direction 
is proportional to the cosine of the angle which that direction makes 
with the normal to the surface. In other words, the perfectly diffuse 
reflector acts as if it absorbed all the incident radiation and then 
re-emitted a definite fraction of it in accordance with the cosine 
law of emission. Such a surface, therefore, appears equally bright 
in all directions (77). If illuminated to the extent of 1 metre-candle, 
it receives 1 lumen per square metre. It therefore emits p lumens 
per square metre, and so has a brightness of p/7 candles per square 
metre, or p X 10-4 lamberts. It may be treated exactly as the 
perfectly diffuse radiator was dealt with previously (pp. 100, 102, 
et seq.). 

Reflection by Matt Surfaces.—It has already been said that the 
simple cosine law of reflection or emission enunciated by Lambert is 
not accurately followed by any known surface. In every case the 
emission is a maximum in the direction of specular reflection (‘§), 
and in fact it is not easy to see any physical reason for supposing 
the law to be of the simple cosine form, unless it be assumed that 
the reflected or emitted light emanates equally in all directions from 
particles within the substance of the reflecting or emitting body. 
In this case, if «’ be the absorption factor of the material, the light 
emitted in the direction @ from the particles at a distance x below 
the surface is proportional to e-«*s? if refraction be ignored 
(see p. 116, infra). Hence the total light emitted in this direction 


co 
is (79) | e-w'esec 8 ia, — (cos 0)/a’. 
0 
The experimental evidence is, as has been said, against the cosine 
law, and various empirical expressions have been proposed to fit the 
results obtained by various workers, 
C9; B= C.. cos i cos 7/(C’ cos ¢ + cos r) 
where CO and C” are constants (8°). 
_ Bouguer supposed (8!) that a matt surface was made up of 
innumerable elementary surfaces, each acting as a mirror (2), and 
this theory has been elaborated by E. M. Berry (8%), who assumes 
that the elementary surfaces are distributed in slope according to 
ae er o ; ase 
the Gaussian probability law, so that if 84 be the total area of the 
surfaces whose slopes lie between 6 and 6 + 86, then 84 = xe-3289, 
This leads to the following expression for the brightness at an angle 
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_ & when the light is incident at an angle 0, 6’ being taken in the plane 
of incidence, and B, being the brightness when 6 = 6’ = 0 :— 


B = B, sec? 4 (0 — 6’) secé. sec6’ e-« tan? 1 0-6’), 
2 


When this is compared with Lambert’s cosine law, for which 
B = B,, very good agreement is found up to 6’ = 80° for the case 
of normal incidence (9 = 0), putting a2=— 3. For é = 6’, B = 
B, sec?@, and for 6 = — g", B= De gsec4@ e—3 tan? a. 

These expressions, while showing marked departures from 
Lambert’s law, are of the kind generally found in practice with 
so-called matt surfaces. 

In many problems of photometry it is desirable to have a surface 
which behaves as nearly as possible like a perfect diffuser. Surfaces 
of magnesium carbonate, plaster of Paris, white blotting paper, sand- 
blasted celluloid, and many others have been used, as in most cases 
a surface having equal reflection factors for lights of all frequencies 
(v.e., a white surface) is required. In general, departure from the 
cosine law is greatest (a) when the angle of incidence of the light is 
over 45°, (b) when the angle of emission considered is large and, 
particularly, (c) in the neighbourhood of the direction of specular 
reflection. 

These points are referred to further in Chapters XII. and XIII., 
where the use of diffusing surfaces for measuring illumination and the 
method of determining reflection and transmission factors of diffusing 
surfaces are described. 

Absorption.—Of the light entering a body from an external 
medium, part is absorbed within the substance of the body, and its 
energy is converted into other forms, e.g., heat, chemical action, or 
some other process requiring the supply of energy. If the body 
absorb all the light entering it, it is said to be opaque ; otherwise 
it is termed transparent or translucent. Clearly these terms can 
only be used in a very rough and ill-defined way. The absorption 
factor of a body is defined as the ratio of the flux absorbed by the 
body to the flux incident upon it. As in the case of reflection, this 
ratio depends on the frequency of the radiation entering the body, 
some frequencies being more readily absorbed than others. 

It will be noticed that the above definition of absorption factor 
concerns a particular body, and not a substance in general. It is, 
therefore, dependent on the form of the body, and, in. fact, depends 
entirely on the length of path travelled by the radiation within the 
body. This, again, depends on the thickness, and therefore for 
any given substance it is the absorption factor per unit thickness 
which must be employed. 

In the case of homogeneous transparent substances, the light 
passes through them undeviated, while in translucent bodies it 
suffers internal reflections, so that the length of its path may be 
many times the thickness of the body. In the former case, if the 
absorption factor for a thickness of 1 cm. be «, and the luminous 
flux entering any given area of the body be fF’, then the intensity 
absorbed in passing through 1 cm. thickness is «#, and the amount 
entering the second layer of 1 cm. thickness is (1 — «)/ ; the amount 
absorbed in this second layer is therefore «(1 — «)/’, and that trans- 
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mitted is (1 — «)2/, and so on. The amount transmitted through a 
layer of thickness ¢ cm. is therefore (1 — «)'F, and that absorbed 
is F{1 — (1—a)'}. If, instead of using the absorption factor per 
unit thickness, the absorption in a very thin layer be expressed as 
a multiple of the thickness of that layer, «dt, the transmitted flux 
is (84) F(1 — a’ St)/* = Fe-* (85), and the absorbed flux is therefore 
F(1 — e-*"), 

The are az’ in the above relationship is generally termed 
the absorption factor (or coefficient) of the substance (**). This 
name, however, has sometimes been applied misleadingly to the 
quantity e-«, which is written k, so that the above expression. for 
the absorbed light becomes F(1 — k‘), and for the transmitted light 
Fk‘. kis more properly termed the transmission factor (or coefficient) 
of the substance (8"), or sometimes its “transmissivity ” (8%). For 
most glass of good quality & is in the neighbourhood of 0-9 when f¢ 
is in centimetres (5%). 

For substances in homogeneous solution in a solvent it might be 
expected a priort that increase in concentration would be exactly 
equivalent to increase in thickness, i.e., that the transmission factor 
would be proportional to k”, where ¢ was the thickness, and ¢ the 
concentration. This relation, known as Beer’s law, is found, how- 
ever, to be only approximately true in many cases (*°). The constant 
k in the equation 7’ = k” may be called the specific transmission 
factor or specific transmissivity of the dissolved substance (*$), 
7’ being now the ratio of the transmission factor of a thickness ¢ 
of the solution to the transmission factor of an equal thickness of the 
solvent alone. 

In the case of a translucent material, owing to the backward 
scattering of a certain portion of the light traversing the medium, 
the simple exponential expression given above for transparent media 
does not hold. It has been found empirically that, to a close approxi- 
mation, log + = at?, where a and 6 are constants of the material 
and ¢ is the thickness of the plate (*). 

A perfectly absorbing body is one that absorbs all the radiation 
incident upon it; it must, therefore, be not only perfectly opaque, 
but it must not reflect any of the incident radiation. It follows that 
it must have the same index of refraction as the medium surrounding 
it, and, in fact, the only perfect absorber is a ‘* black-body ” cavity 
(see p. 34). 

When light reaches the second bounding surface of a body, it 
suffers a certain degree of internal reflection on its passage out of 
the body ; in fact, this is merely another case of reflection on passing 
from one medium to another. It will be noticed, from the form of 
the expressions given above for the reflection factor, that p is the 
same on passage from medium I. to medium II. as for passage 
from medium II. to medium I. when the angle is the same in the same 
medium. 

Transmission.—The definition of the transmission factor of a 
body or a substance is exactly analogous to the definition of absorp- 
tion factor, and the dependence of one of these quantities on the other 
has already appeared. In general, the transmission factor is of more 
practical importance than the absorption. Like the latter, it depends 
on the frequency of the incident radiation, and it is this which 
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determines the colour of a substance as seen by transmitted light. 
A blue glass has its highest transmission factor for frequencies in 
the blue part of the spectrum, while most of the red light is absorbed. 
The function ¢onnecting thickness and transmission of a transparent 
medium has already been found, but in any particular body the light _ 
lost by reflection at the two surfaces must be added to the light 
lost by absorption within the substance of the body, so that 
T= 1—a« — 2p, where p denotes the reflection factor for a single 
surface. Generally, however, part of the light reflected at the second 
surface is added to the light absorbed, and the remainder to the 
light reflected at the first surface, so that the relationship is written 
in its usual form, t= 1 — « — p, in which « denotes the proportion 
of the light absorbed, and p the proportion returned from both 
surfaces in the direction opposite to that of the incident light. 

The curves of Fig. 60 may be used to illustrate the dependence 
of the colour of a substance seen by transmitted light on the variation 
of its transmission factor with frequency. If R refer again to the 
incident light, while B and W are respectively the transmission 
curves of blue and colourless transparent bodies, then the curves BR 
and WR of Fig. 60 give the spectral distribution of the transmitted 
light. 

3 It is to be noticed that this curve only holds for a certain thickness 
of the transparent material. Doubling the thickness clearly results 
in a second multiplication of the ordinates of the spectral distribution 
curve by the corresponding ordinates of the transmission curve (just 
as in the case of a double reflection). Curve B?W in Fig. 61 shows 
the distribution resulting from the 
passage of white light through 4 
two thicknesses of a medium hav- ~~ 
ing the transmission curve B in 
Fig. 60, and from this it will be 
seen that the greater the thickness 
of the transmitting substance, the 
greater the accentuation of the 
light in the region of maximum 72 2 
transmission. ‘This observation. 18 Fira. 63.—Transmission through a Plate. 
of importance in the determination 
of the transmission factors of the coloured media used in photometry 
(see Chapter VIIL., p. 242). 

The light transmitted by a single transparent plate of glass may 
be calculated fairly simply thus: If the incident light follow the 
direction LA, the incident flux is #. Of this Fp is reflected, and 
F(1 — p) enters the glass along the path AB. Of the part PL = p)k', 
which reaches B, (1 — p)pk' is reflected along BC, and F(1 — p)tkt 
emerges. Of the part reaching C, wiz., PL — p)pk*, one part, 
F(1 — p)p(1 — p)k*4, emerges, and F(1 — p)p?k® is reflected along 
CD to D, where F(1 — p)?)?k* emerges. _ en 

Hence the total light emerging on the side BD is (°?) 


P(1 — p)*{he pth pth’. p = F(L — p)*hi/(1 — pk) 


which, if p = 0:04 and k' = 0.9, is equal to 0-83 (8). 
A hen light traverses two or more plates in succession, the 
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expressions for the transmission factor become more complicated. 
G. G. Stokes has given the formula (®) 


px|(6¥ — b-¥) = ry/(a — a4) = 1[(ab® — a-tb-*) 


where py and ry are respectively the reflection and transmission 
factors for N parallel plates, and a, b are constants found from the 
equations 

pxl(b — 6-2) = a /(a — a) = 1[(ab — a0). 


This formula applies no matter what the angle of incidence of the 
light or the absorption factor of the substance of the glass. When 
there is no absorption, the above expressions become indeterminate. 
In this case, writing p’ for (1 — n)?/(1 + n)?, 


px/2Np! = tw/(1 — p’) = 1/{1 + (2N — 1)p'} (°°). 
The light transmitted by a triangular prism of base-length ¢ is 


t 


clearly equal to (aye) | ktdt, i.e., to (kt — 1)/t log.k if reflection at the 


surfaces be neglected (9°). In the case of a constant deviation prism 
(Fig. 14) of which the length of the reflecting side is #2, the trans- 
mission is, similarly, found to be k'(k”" — 1)/nt.log-k wheren= ¥ 3/2. 

Diffuse Transmission.—In the case of a translucent body, or of a 
transparent body one or both surfaces of which have been rendered 
matt, diffusion of the incident light takes place to a greater or less 
extent (°”). 

The transmitted light, as might be expected, is not distributed 
according to the cosine law of emission, the intensity being always 
a maximum in the direction of the incident light if the substance 
bein the form of a plate (95). The approximation to perfect diffusion 
increases with the density of the substance and the thickness of the 
plate, and the nearest approach to a perfectly diffuse transmitter 
is a sheet of dense opal glass sand-blasted or etched on both sides. 
Diffuse and colourless transmission is required for the window of 
any form of photometric integrator (see Chapter VII.), but it is 
difficult to obtain a material which combines a sufficiently high 
transmission factor with a satisfactory degree of diffusion. 

Definition of ‘* Diffusing Power.’’—The “ diffusing power ”’ of a 
substance, opaque or translucent, may be qualitatively defined as 
the degree to which the light it reflects or transmits is distributed 
according to the cosine law. A satisfactory quantitative definition 
of diffusing power is, however, very difficult to arrive at, and it has 
generally been expressed by means of a polar curve showing the 
candle-power of a given element of surface as. viewed from all 
directions in a plane passing through the normal to that element. 
This curve, sometimes termed the indicatrix (9°), becomes a circle 
touching the element in the case of a perfect diffuser. For all other 
surfaces it is distorted in a manner depending on the nature of the 
surface and on the direction of the incident light. Various attempts 
have been made to define a “figure of merit” for expressing the 
diffusing power of a substance (1°). Probably the most convenient 
system is that of Halbertsma (1°), in which, with light incident 
normally on the surface, the candle-powers at different angles of 
view, 8, are plotted as abscisse, the corresponding ordinates being 
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proportional to (1 — cos @), as in Fig. 64. For a perfectly diffusing 
surface the resulting curve clearly becomes a straight line. The 
area enclosed by the axes of co-ordinates and the representative 
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Candle-Power Relative to Normal (Rx Cent) 
Fic. 64.—Diagram for the Definition of Diffusing Power. 


curve for any surface may be termed the “ diffusing power ”’ of the 
surface, the area for a perfectly diffusing surface being taken as unity. 
Imperfect diffusion is sometimes referred to as “‘ spread ”’ reflection 
or transmission (19), 

Atmospheric Diffusion.—The visibility of distant objects in the 
open depends mainly on the diffusing power of the intervening 
atmosphere, and instruments have been designed for measuring this 
quantity on an arbitrary scale by finding the amount of additional 
diffusion necessary in order to cause a given object just to become 
invisible. This additional diffusion is obtained by inserting a 
number of sheets of material of graded diffusing power between the 
observer’s eye and the selected object (1°). 
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CHAPTER V 
STANDARDS OF CANDLE-POWER 


Irv has already been said (p. 84) that the only practical photo- 
metric standard is one of luminous intensity. The standards to be 
dealt with in this chapter include two groups : (a) primary standards 
by reference to which the candle-powers of all sources are expressed, 
and (b) secondary standards for practical use in everyday photometry 
as temporary custodians of the unit fixed by the primary standards. 

The conditions which a primary standard of light should fulfil 
are those required of any physical standard, viz., ease of reproduci- 
bility from specification, maintenance of value over long periods, 
low correction factors for change of conditions, such as barometric 
pressure, temperature, etc. In addition to these, a standard of 
luminous intensity should fulfil, as far as possible, the conditions that 
its candle-power should be of a convenient magnitude, and that the 
spectral distribution of its light should approximate to that of the 
light sources to be measured by comparison with it (1). This is 
important owing to the physiological aspect of photometry and the 
great difficulties introduced by a difference of colour between the 
lights being compared (see Chapter VIII.). 

Many suggestions have been made at different times for the 
production of a satisfactory primary standard of luminous intensity 
(see Chapter I., pp. 4 et seg.). None of these fulfils all the conditions 
outlined above. Most are difficult to reproduce with sufficient 
accuracy, and are greatly affected by change of exterior conditions. 
None of those which most nearly meet the other requirements 
fulfils, even approximately, the condition as to spectral distribution, 
the colour of the light being in every case much redder than that 
of the sources of light in common use to-day. 

The standards which have actually been employed at various 
times are (a) the flame of a candle of specified dimensions burning 
at a given rate (the standard candle, from which the unit derives its 
name); (b) the flame of a lamp of specified construction burning a 
specified fuel at a given rate ; (c) a certain area of a specified radiating 
surface held at a specified temperature; and (d) electric lamps 
mutually compared so as to preserve an arbitrarily agreed value 
of candle-power as the unit. 

Flame Standards.—Of the standard candles adopted at different 
times nothing need now be said; they have been mentioned in 
Chapter I. and are described in most books on photometry (2). 
Two of the flame standards, the pentane and the Hefner, possess 
considerable interest, particularly as regards the definition of the 
present unit of luminous intensity. They are, moreover, still in use for 
certain photometric purposes, and a brief description must, therefore 
be given of their construction and method of use (°). 

The pentane lamp, first devised by Vernon-Harcourt in 1877, 
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and subsequently modified in many particulars (see p. 5), is shown 
diagrammatically in Fig. 65. The saturator A holds the fuel, liquid 
pentane (C;H,,), a highly inflammable and very volatile hydro- 
carbon distilled from petroleum. This saturator is filled to about 
two-thirds of its capacity before the lamp is lighted. The level of 
the liquid (observed through the window in the side of the saturator) 
is never allowed to fall below one-eighth of an inch when the lamp 
is in use. The saturator is connected, by means of a wide india- 
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Fig. 65.—The Vernon-Harcourt Pentane Lamp. 


rubber tube, with the burner B, which consists of a steatite ring 
pierced with thirty holes, and at which the issuing mixture of air 
and pentane vapour is ignited. The rate of flow of the mixed vapour, 
and therefore the height of the flame, can be adjusted by means of 
the stop-cocks S, and S, on the saturator. The chimney tube CC 
is furnished near its base with a mica window, across which is placed 
a horizontal bar 38 mm. above the bottom of the chimney. The 
chimney is set, by means of a cylindrical wooden gauge G, so that 
its lower end is exactly 47 mm. above the steatite ring burner. 
Surrounding the chimney CC is a concentric tube D, up which a 
current of air is drawn by the heating of the chimney, and this heated 
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air passes into the hollow supporting pillar #, and so down through 
F to the centre of the steatite ring, where it is used in the com- 
bustion of the pentane. It is important that the chimney CC be 
brought centrally over the burner B, and three screws are provided 
at the base for the purpose of making this adjustment. H is a 
conical shade for protecting the flame from draught. When in use 
the lamp is set up with the pillar H vertical, and the stop-cocks S, 
and S, are so adjusted that the tip of the flame just rises to a level 
halfway between the bottom of the mica window in CC and the 
crossbar. (A slight variation in the height of the flame, however, 
does not affect its candle-power appreciably (4).) The mica window 
must be turned away from the photometer head, while H is turned 
so that the whole of the flame is visible from the photometer, except 
the portion at the top which is cut off by the lower part of the 
chimney. The saturator A is at first placed upon its bracket as far 
from the central column as possible, and the lamp is left alight for 
at least a quarter of an hour before any photometric measurements 
are made (°). Ifit is found, at the end of this period, that the flame 
has a tendency to fall in height, the saturator is moved slightly 
towards the central column. In making photometric measurements 
all distances are reckoned from the centre of the flame, 7.e., the 
geometric centre of the steatite ring, but since this is not the position 
of the ‘“ equivalent light centre’’ of the flame (see p. 107), it is 
specified that the lamp shall be used at a fixed distance (1 metre) 
from the photometer surface. If used at any other distance a 
correction should, theoretically, be applied to the value of illumina- 
tion calculated on the inverse square law. The effect, however, is 
negligible in practice, except at very short distances. The same 
consideration applies also to the Hefner lamp (in/fra). 

When burnt under standard conditions of temperature, pressure 
and humidity, the pentane lamp is recognised in Great Britain as 
having a luminous intensity of 10 international candles (*). For a 
more accurate and detailed specification of the lamp and of the pre- 
paration of the pentane (*), the Notification of the Metropolitan Gas 
Referees for the year 1916 (published by H.M. Stationery Office) 
should be consulted. 

The candle-power of the pentane lamp depends on the humidity 
and barometric pressure of the atmosphere in which it is burning. 
Several determinations have been made of the effect of these variables 
on the candle-power of the lamp (8). 

The British determinations, by Butterfield, Haldane and Trotter, 
and by Paterson and Dudding, give the following formula for the 
candle-power : 


I = 10{1 + 0-0063(8 — e) — 0-00085(760 — b)}, 


where J represents the candle-power of the lamp when burning in 
an atmosphere at a pressure of b mm. of mercury with a humidity 
of e litres of water vapour per cubic metre of the moist air. The 
American determination by Rosa and Crittenden, however, gives 
values for the constants which are notably lower than those given 
above, viz., 0-0056, and 0-0006. The value for the humidity corree- 
tion found in 1917 by K. Takatsu and M. Tanaka (*) was 0-0063s, 
and they suggest that the different value found in America may be 
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- due to the use of a hood and ventilating duct, if the effect of this is 
not the same at all humidities (1°). On the other hand, it has been 
suggested that this difference in the constants may be accounted for 
on the assumption that the lamp really possesses a temperature 
coefficient, but that, as humidity and temperature are so closely 
related in any one locality, their separate effects cannot be deter- 
mined by the usual method of observation. This has been confirmed 
by direct experiment on the effect of varying humidity and tempera- 
ture. separately by artificial means (1), and as a result the new 
formula for the candle-power is found to be 


I = 10{1 + 0-0052(8 — e) + 0-001(15 — t) — 0-00085(760 — b)} 


where ¢ is the temperature in degrees Centigrade. The values of the 
constants are obtained from a very large number of comparisons 
with an electric glow lamp sub-standard of the same colour, observa- 
tions being made under all available conditions of pressure and 
humidity. The most probable values of the constants are then found 
by the method of least squares. 

The standard of candle-power adopted as legal in Germany and 
some other European countries is the lamp devised in 1884 by 
F. von Hefner-Alteneck (!?), and shown in Fig. 66. It consists of a 
container C' made of brass, 
70 mm. in diameter and 
38 mm. high. It holds . 
about 115 c.c. of amyl 
acetate (C,;H,,C,H,0,), a 
specially pure grade of this 
compound being required for 
photometric purposes (1%). 
The liquid should always 
be emptied out of the con- 
tainer when the lamp is not 
in use, as otherwise corro- 
sion is liable to take place, 
even though the inside of 
the container be tinned or 
nickel plated. A thin Ger- 
man silver tube 7’, con- 
structed very accurately to 
the dimensions of 25 mm. 
in height, 8 mm. internal 
diameter, and 0-15 mm. in Fia. 66.—The Hefner Lamp. 
thickness of metal, holds a 
wick of fifteen to twenty strands of untwisted cotton, which can be 
adjusted in height by means of the screw S. Gis a gauge consisting 
of a lens and ground glass screen with a horizontal cross-line (4). 
The lens forms an inverted image of the flame on the screen, and by 
this means the tip of the flame can be adjusted very accurately to 
the correct height of 40 mm. above the level of the tube. The 
candle-power of the flame depends appreciably on its height, and 
one of the chief disadvantages of this standard is the fact that the 
flame is very lambent and sensitive to draught, so that in the absence 
of any chimney its use is attended with great difficulty for practical 
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measurement. Liebenthal finds (1°) that a variation of 1 mm. in the 
height of the flame causes 2-7 per cent. change in candle-power. The 
gauge on the lamp may be raised 4-2 mm. to enable adjustment of the 
flame to a height of 44-2 mm., at which height the candle-power has 
been found to approximate very closely to the international candle, 
although the flame becomes even more objectionable in use at this 
height (+°). 

With the Hefner, as with the pentane lamp allowance has to be 
made for atmospheric pressure and humidity (17). The formula in 
the case of the Hefner lamp is 


I = 1+ 0-0055(8-8 — e) — 0-00011(760 — D), 


where e and b have the same meaning as before (see p. 128) (+8). 

An allowance should also be made for the amount of carbon 
dioxide in the air if this substance be present in appreciable quantity, 
as it has a considerable effect on all flame standards (1°) (including 
the pentane lamp). This correction may be made by adding a 
term + 0-0072(0-75 — k) to the above expression for J, k being the 
number of litres of CO, present per cubic metre of air. The amount 
of the correction is so uncertain, however, that it is best to avoid 
it altogether by arranging efficient ventilation of the room in which 
the lamp is burning (?°) (see p. 446). 

The light given by the Hefner lamp is much redder than that 
of the pentane, and, being without a chimney, the flame is more 
troublesome to maintain in a steady condition. On the other hand, 
the lamp has the great advantages of simplicity and portability, 
which, however, are principally of value in a working standard, and 
do not enter into consideration as far as a primary standard is 
concerned (*!). 

The flame standard adopted in France is the Carcel lamp, which 
has been briefly described on p. 4. It is, however, quite unsuitable 
as a standard lamp for use in modern photometry. 

A large number of inter-comparisons between the various flame 
standards have been carried out at different times (7*) with varying 
results. As a result of the intercomparison in 1907, it was found 
that the British standard, based on the 10-candle pentane lamp, 
was 1-6 per cent. lower than the American candle, while the French 
Bougie décimale, derived from the Violle unit (see below), was 
greater than the British unit by about 1 per cent. In 1909, by 
agreement between the standardising laboratories of Great Britain, 
France, and the U.S.A., the American candle was lowered 1-6 per 
cent. to bring it into agreement with the British unit, while the 
French also agreed to adopt the resulting unit, which thenceforward 
became known as the international candle. Germany and the 
other countries which had adopted the Hefner standard continued 
to use that unit, but its value was agreed to be exactly nine-tenths of 
the international candle (23). This unit has been still further 
stabilised by the action of the International Commission on Hlumina- 
tion in 1921 (see p. 86). 

Incandescence Standards.—Of the proposals in this class the 
best known is the melting platinum standard (*4), first given a 
practical form by J. Violle, and therefore generally known as the 
“* Violle standard” (?5). It is the light given by 1 sq. cm, of a 
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surface of molten platinum at the temperature of solidification. 

The Violle standard, on account of its obvious theoretical advantages, 
has been regarded as a promising advance on the existing flame 
standards, ands unsuccessful attempts have been made at various 
times to place it on a satisfactory basis (26). The most recent careful 
work on this standard is that of Petavel (27), who used a semi- 
circular bar of platinum heated by an electric current to such a 
temperature that the inner core of the bar melted, while the outer 
shell remained solid. The second form of the standard on which he 
made measurements was an ingot of platinum fused in a crucible 
of pure lime by means of an oxy-hydrogen blow pipe. The metal 
was first completely melted ; heating was then stopped and photo- 
metric measurements of the brightness were made at intervals of 
ten seconds during cooling. The readings, when plotted, showed a 
constant value over the region corresponding to the time of solidifica- 
tion, and the mean of the observations at this period was taken as 
the value required. It was found that the values obtained by this 
method did not depend on the shape or mass of the ingot, but that 
the effect of contaminating the platinum with either silica or carbon 
was very marked. Petavel’s final conclusion was that the probable 
variation in the light emitted by molten platinum under standard 
conditions was not greater than 1 per .cent., and that with more 
experimental refinements an even greater accuracy than this might 
be attainable. It cannot be said, however, that 1 per cent. is sufficient 
to bring the Violle standard, with its additional disadvantage of 
redness of light, into serious competition with the existing standards. 
It was, however, adopted by the International Electrical Congress 
in 1889, and its one-twentieth part was given the name “ bougie 
décimale ” (78). 

In order to avoid the possible variations in the temperature of 
fusion or of solidification of the platinum, it has been proposed to 
use the metal at a temperature below the melting point, and to 
define the temperature as that at which a layer of water 2 cm. in 
thickness transmits 10 per cent. of the total resultant radiation (9), 
This ratio is determined by means of a bolometer. Although this 
standard is used at the Physikalisch-Technische Reichsanstalt for the 
checking of Hefner lamps, Petavel has found that the bolometer 
method of temperature adjustment is not sufficiently fundamental 
to enable this apparatus to fulfil the conditions of a primary standard. 
He proposed a modification of the Lummer-Kurlbaum standard (°°). 

Another incandescence standard, on which a considerable amount 
of work has been done by many investigators (°"), is that provided 
by a square millimetre of the positive crater of a carbon are operating 
under conditions designed to ensure steadiness. In the Forrest are 
(Fig. 67) two negatives are employed, each at an angle of about 100° 
with the positive. Under these conditions, and using carbons of 
8 mm. diameter with a total current of 7 to 10 amperes, it has been 
found that the brightness of the crater is uniform over the whole of 
its surface, and measurements of the candle-power per sq. mm. 
can be made by inserting in front of the crater at D, Fig. 67, a 
small diaphragm of accurately known dimensions. Forrest found 
that the are would work quite silently over a considerable range of 
currents, and that the crater brightness was independent of the 
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carte under fee conditions. The valae he obtained 
candles per sq. mm., using carbons of 6 to 8 mm. — 
currents up to 5 ampéres ‘COR 
An advantage which this standard possesses over yn other is 
that the colour of the light is bluer than that of most 
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Fic. 67—The Forrest Are Standard. 


sources, a difference which will diminish as the efficiency of practical 
illuminants increases. 

The ‘‘ Black Body ’’ Standard.—The proposal to use a definite 
area of a total radiator (black body) at some definite temperature 
has been made at various times by several workers (*8). The great 
advantage of a total radiator as a primary standard is its reproduci- 
bility and its independence of small variations in construction. 
Moreover, its radiation follows definite and well-established laws 
(see p. 37), not only as regards the total energy emitted, but also 
as regards the distribution of that energy throughout the spectrum. 
Therefore, if measurements of the total energy radiated by a given 
area of a black body could be made to the necessary accuracy, the 
temperature, and thence the candle-power, could be at once deduced. 
At temperatures in the region of 2,000° K. (84), however, a change 
of 1 per cent. in temperature produces a change of about 10 to 12 
per cent. in candle-power, so that for accuracy in the standard of 
candle-power the temperature measurements need to be exceedingly 
good. 

Practical Forms of ‘‘ Black Body.’-—The most commonly 
employed form of black body is cylindrical i in shape, and for work 
up to a temperature of about 1,700° K. it consists of a tube of 
porcelain electrically heated by means of platinum strip (°°). 

The construction is shown in Fig. 68. A, B and C are three 
concentric porcelain tubes, B being wound with platinum strip 
0-02 mm. thick and 1 em. wide. The winding is closer at the ends 
than at the middle, in order to obtain a more “uniform temperature. 
A is uniformly and closely wound with platinum strip 0-1 mm. thick. 
The shields a, b, ¢ . . . ensure that no radiation can be emitted 
from the opening at P, except that proceeding directly from the 
diaphragm d. Thermocouples attached to the back and front of this 
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diaphragm give the temperature of operation. |Water-cooled 
shutters are used in front of the opening P in order to cut off radiation 
from the surrounding porcelain walls. The heating of the two 
platinum coils sis generally separately controlled by regulating the 
current through them. The energy distribution curve obtained with 
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Fic. 68.—A Porcelain Tube Black Body Radiator. 


a black body of this kind at a temperature of 1,596° K. is shown 
in_ig. 21 (2). 

For higher temperature work a carbon tube is used (Fig 69) (37). 
This is heated by passing an electric current through the tube itself, 
which is 1-2 mm. thick. The ends of this tube are copper plated and 
fitted into thick carbon cylinders. These cylinders are securely 
clamped into the metal blocks 6, B which convey the current. The 
back wall of the radiating cavity is formed by the plug P,, so shaped 
that its area of contact with the tube is as small as possible in order 
to prevent local inequalities of heating. Access of oxygen is pre- 
vented at the back of the tube by the plugs P, and P,, and in 
front by passing a stream of nitrogen into the cap at the mouth of 
the cavity. A similar form of total radiator has been used up to 
about 2,800° K. (38). 

The Measurement of Temperature.—There are several methods 
of thermometry which may be used for measuring the temperature 
of a black body. The gas thermometer, which may be used up to 
about 1,870° K. (°%), gives the basis for the standard temperatures 
now generally adopted, viz., the melting points of gold and palladium 
taken as 1,336° K. and 1,829° K. respectively (*°). A wire of gold 
or palladium may then be made part of an electrical circuit and 
heated up within the black body. When the wire melts, the circuit 
is broken and the temperature of the black body at that instant is 
assumed to be the same as the melting point of the metal. Some form 
of pyrometer may then be used to measure the radiation at the same 
instant, and by its means the temperature of the black body at 
higher temperatures may be deduced from the laws governing pure 
temperature radiation (*1). These pyrometers may be of either the 
total radiation or the optical type. In the former, of which the Féry 
and the Foster are the best known forms (#7), an image of the black- 
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body aperture is formed by means of a mirror on a small thermo- 
couple (see p. 319). The deflection of a galvanometer in circuit with 
the thermocouple is then proportional to the rise in temperature 
of the latter, i.e., to the total radiation it receives, less that it emits. 
This is proportional to the normal radiation per unit area from the 
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Fig. 69.—A Carbon Tube Black Body Radiator. 


black-body aperture (4%), so that the galvanometer deflection varies 
as (74 — 7',*), where 7' is the absolute temperature of the black 
body, and 7, the temperature of the surroundings. If, then, the 
deflection at the melting point of palladium be Dpe, while that at 
temperature 7’ is D7, it follows that 


(T* — T,4)/(1,8294 — T.4) = D2|Dpa. 


The optical pyrometer depends on the law connecting the 
radiation at any given frequency with the absolute temperature of 
the black body (see p. 37). The Wanner pyrometer, which is of 
this type, is a modified form of the K6nig-Martens spectrophoto- 
meter (see p. 281), and depends on a polarisation method for 
measuring the ratio of the brightness of the black body to that of 
a standard lamp maintained at a constant value (44). With this 
instrument measurements are made with a red glass, which only 
transmits a limited portion of the spectrum, and may therefore be 
regarded as giving the values of brightness at a certain “ effective ”’ 
wave-number v. Alternatively, the light from both sources may 
be analysed by means of a prism and the ratio obtained at any 
desired wave-number. ; 

If B and Bpg be the relative brightnesses of the black body at 
the unknown temperature 7' and at the palladium point respectively, 
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then B/Bpa = (e""** — 1)/(e" — 1), and from this, since C, 


and v are known, 7’ may be found. 

In practice it is simpler to use, instead of the full Planck ex- 
pression employed above, a modified form (actually proposed by 
Wien before Planck’s theory had been brought forward (4) ), Ole, 
HE = Cel? or Hy = C,A-e-2/T (48). The above equations 
therefore become, on taking logarithms to base e, 


log. B — log, Bra = — C,»(T-1 — 0-0005467), 


Instead of assuming the value of C4, it is clearly possible to measure 


‘the value of B at the gold point (B4,) and so to obtain the following 


equation independent of both C, and v :— 


0-0005467 — 7-1 
0-0002015 


(log, B — log, B pa)[(loge Bra — loge Bau) = 


In the Holborn-Kurlbaum type of optical pyrometer (47) an 
image of the black-body aperture is formed on the filament of a small 
carbon lamp, and the brightness of this filament is varied by altera- 
tion of the current passing through it until the filament disappears 
owing to the identity of its brightness with that of the surrounding 
image. In this pyrometer measurements are always made with a 
red glass. The objection to the use of a red glass for a standard 
instrument is that the “ effective ’’ wave-number necessarily varies 
slightly with the spectral distribution of the sources compared 
through it; for, since its transmission is considerable over an 
appreciable range of frequencies, the higher frequencies within this 
range receive more weight as the temperature of the source rises, 
i.e., the “effective wave-number”’ is gradually increased. For a 
glass of usual type this change may amount to dv = 80 cm.-t 
(oA = 3 mu.) in the range from 1,600° to 2,700° K. Methods 
of determining the effective wave-number cannot be dealt with here, 
but for these the original papers or a book dealing with pyrometry 
should be consulted (#%). 

The difficulty involved in measuring the temperature of a black 
body to the accuracy necessary for its establishment as a satisfactory 
standard of light has led to the suggestion to adopt the melting 
point of platinum as the fixed temperature of the black body (#9), 
thus avoiding the necessity for an absolute measurement of tempera- 
ture. H. E. Ives has realised this form of standard (°°) by using as 
a black body a platinum tube heated by means of an electric current 
passing through it. The brightness of a small aperture in the side 
of the tube is measured continuously until the tube melts, and the 
final value thus found is taken as the brightness of a total radiator 
at the melting point of platinum. The value found for this brightness 
is 55-40 candles per sq. cm. 

Electric Glow Lamps as Standards.—The above description of the 
more successful of the various standards that have been proposed 
from time to time will be sufficient to show that an accuracy of 
1 per cent. is the most that can be obtained as regards either 
reproducibility or constancy. Now the precision of photometric 
measurement, without colour difference, is at least 0-2 per cent. 
It follows that lamps can be compared with one another to an 
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accuracy which is at least five times as great as the odu cibility — 
of the standards of candle-power. : ———— 

This position is so anomalous that in 1921 the International 
Commission on Illumination decided to base the unit of luminous 
intensity, not on any of the so-called primary standards, but on the 
agreement of a number of electric incandescent filament lamps, 
which have been proved to be of very great constancy (°"), and which 
have been compared with one another to the highest accuracy 
possible in photometry at the present time. 
There is thus no existing lamp which has a 
luminous intensity of exactly 1 international 
candle, but the electric lamps at the chief 
national standardising laboratories preserve, 
among them, the value of this unit to the 
same accuracy as that obtainable when 
they are used for the preparation of sub- 
standards. The definition of the inter- 
national candle given on p. 86 is the result 
of this international agreement (**), but it is 
recognised that the position, however con- 
venient in practice, is objectionable in theory, 
and there is no doubt that the search for a 
real primary standard will go on, and when 
it is found the value assigned to the unit will 
be the same as the mean value given by the 
present incandescent lamp standards. Pro- 
bably the most promising line of attack is 
that indicated in the preceding section. 
Improved accuracy in the measurement of 
temperature will automatically bring with it 
a black-body standard of light. 

Meanwhile the electric incandescent stan- 
dard lamps remain as the custodians of the 
unit of light. One of them, kept at the 
National Physical Laboratory, is shown in 
Fig. 70; it consists of a single “ hairpin” 
loop of carbon enclosed in a cylindrical bulb 
of 100 mm. diameter. When in use the lamp 
is set up so that the leading-in wires are at 
the bottom, and the plane of the filament 
is at right-angles to the direction in which 
the candle-power measurements are made. 

Standard Lamp. Distances are measured from this plane, 

but the lamps are always used at a certain 

fixed distance from the photometer, so that measurements are 
always made at an illumination of 10 metre-candles. This use 
of a fixed distance has the effect of eliminating the departure 
from the exact inverse square law owing either to any lack of 
centering of the image of the filament formed by the walls of 
the bulb or to lens action by the curved glass walls. The filament 
hairpin is about 100mm. long, and as its distance from the 
photometer is approximately 1,250 mm. (the candle-power of these 
lamps being about 15), the departure from the inverse square law 
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- due to size of source is less than 0-2 per cent. (see Fig. 52, p. 103). 


Other standard lamps of a different construction are preserved at 
the Bureau of Standards, Washington, the Laboratoire Central 
d’Electricité, Paris, and the Physikalisch-Technische Reichsanstalt, 
Charlottenburg, Berlin. Although the 1909 agreement referred to 
in the definition of the international candle was based on com- 
parisons of carbon filament lamps operating at about 3 lumens per 
watt (tungsten basis), subsequent comparisons have also been made 
by means of tungsten filament lamps (see Fig. 71), operating at an 
efficiency of about 6-7 lumens per watt. Thus practical international 
agreement has been arrived at as regards the unit of candle-power 
at both efficiencies (8). 

The rate of decrease of candle-power in carbon lamps of the 
type described above, and in tungsten filament lamps such as those 
described in the next section, is probably less than 3 per cent. per 
100 hours of actual burning if the lamps are carefully aged and used 
with every precaution (*4). The decrease is therefore quite inappreci- 
able in ten years if each lamp be run, on the average, for not longer 
than fifteen minutes per annum. 

Sub-Standards of Candle-Power.—The above sections have dealt 
with the primary standard of light, but, as in the case of standards 
of all kinds, it is necessary for the purposes of everyday measure- 
ment to use other lamps, known as sub-standards, which have been 
carefully measured by the primary standards and are compared with 
them at intervals as may be found necessary. 

Until the constancy of the electric lamp as a source of light had 
been fully proved, one of the flame standards described in this 
chapter was generally employed as a sub-standard, its candle-power 
having been certified by a standardising laboratory to be in accord- 
ance with that of the similar primary standard. The use of flame 
lamps as sub-standards, however, has now been abandoned almost 
entirely in favour of the more convenient electric glow lamp. 

For work of the highest degree of accuracy it is desirable to use 
a specially constructed lamp, such as that shown in Fig. 71, which 
represents the type employed at the National Physical Labora- 
tory (°*). The tungsten filament is mounted in a single plane so 
that this may be used for defining the zero of the distance measure- 
ments. When the lamp is in use this plane is arranged to be 
perpendicular to the axis of the photometer bench (see next chapter). 
The lamps are carefully “ aged ” before being standardised, 7.e., they 
are run for at least 100 hours at an efficiency equal to or greater than 
that at which they are to be used in practice. Their rate of candle- 
power fall over the latter half of this period should not exceed about 
3 to 4 per cent. per 100 hours. They may be operated either at a speci 
fied current or at a specified potential. In the latter case the potential 
is measured at the ends of leads which are soldered to the contact 
plates, and so form a permanent part of the lamp (°°). The process 
of candle-power measurement, and of electrical adjustment, will be 
described in Chapter VI. One of the most important precautions 
in using a sub-standard lamp is to ensure that no potential which 
is even slightly in excess of that at which the lamp is standardised 
can ever be applied to it, even for a few seconds. If this should 
happen inadvertently, the lamp should be re-standardised. 
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There are many precautions which have to be observed in the 
manufacture of standard lamps. The joint by which the filament is 
connected to the leading-in wires should be welded, and not simply 
“pinched,” so that any possibility of uncertain contact may be 
avoided. Further, hooks and supports 
which are loose, so that they some- 
times touch the filament and sometimes 
do. not, cause a variation in candle- 
power due to local cooling of the fila- 
ment by conduction. The glass bulbs 
are considerably larger than those that 
would be used for lamps of the same 
candle-power designed for ordinary 
work. This is in order to reduce the 
fall of candle-power due to “ blacken- 
ing,” 7.e., the fine deposit on the glass 
which takes place gradually in all elec- 
tric glow lamps, and which produces 
a marked increase in the absorption 
factor of the bulb (%”). 

It is, naturally, of the first import- 


Pormenent ance that sub-standard lamps should 
Soueres o \ be used so that the light which reaches 


the photometer from them is that 
emitted in a certain direction, for not 
only does the candle-power of such 
lamps vary in the manner described 
in the last chapter, where the emission 
of a radiating cylinder was being con- 
sidered (p. 108), but the inevitable 
slight variations of thickness in the 
Slot for glass bulb give rise to lens effects which 
Beslbion of Lam. produce small local variations of candle- 
Fra. 71.—Tungsten Filament Stam POWEE- If these variations be present 
dard or Sub-standard Lamp. in a marked degree, so as to produce 
noticeable “streaks” or ‘ blotches ” 
on a featureless white surface held in the path of the light, the lamp, 
though perhaps perfect in other respects, is valueless as a sub- 
standard, 

The “ registering ” of a lamp, so as to ensure that its position 
with respect to the photometer is always the same, is most con- 
veniently achieved by mounting the lamp permanently in a holder 
provided with a stem which fits into the carriage of the photometer 
bench, and registers in its correct position in that holder by means 
of a small slot, such as that shown at the bottom of the stem of the 
lamp illustrated in Fig. 71. A further advantage of a permanent 
mounting of this kind for sub-standard lamps is that the potential 
can be measured at the ends of terminals which are permanent and 
fixed points in the lamp circuit. All uncertainty of contact at the 
lamp terminals, which is so frequently a source of unsteadiness when 
lamp sockets are used, is thus completely avoided, and, further, if 
the lamp be carefully “‘ lined up” when it is mounted, so that the 
plane of the filament passes through the axis of the stem, no further 


Va 


Fig. 72.—Standard or Sub-standard Lamps. 


[To face p. 138. 
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_ lining up is necessary when the lamp is used on the bench. When it 
is impossible to use a self-registering mounting for a sub-standard, 
the best method of “lining up” is to etch on opposite sides of the 
bulb two small gircles, so placed that when the lamp is in the correct: 
position the line passing through the centres of these circles also 
passes through the photometer head. In other words, this line 
defines the direction in which the sub-standard has the measured 
candle-power. When the lamp is set up for use on the bench it is 
first placed with its axis vertical (either upright or pendent), and it 
is then turned about this axis until the two circles are in line with 
the photometer head. It is very desirable that a sub-standard should 
be used in the position in which it has been standardised, viz., either 
always upright or always pendent, as the case may be. 

Another possible constructional defect in sub-standard lamps 
arises from the fact that a real image of the filament is formed by 
reflection in the curved surface of the bulb. If the filament be 
centrally placed, the image, the brightness of which is approximately 
8 per cent. of that of the real filament, will lie very nearly in the 
same plane as the filament, and so will not produce any appreciable 
shift in the position of the effective light centre. A badly placed 
filament may, however, give an image which is considerably 
displaced, and which therefore gives rise to unsuspected errors, 
particularly if the lamp be used at short distances from the photo- 
meter (see p. 420) (58). 

For work where the highest degree of precision is either unneces- 
sary or impossible, the ordinary type of electric lamp in which 
the filaments are disposed cylindrically (squirrel-cage type) may 
be used as a sub-standard. In this case the necessity for accurate 
“lining-up ” is still greater than with the planar type of filament. 
It is often desirable for low intensity measurements to use a sub- 
standard of low candle-power (1 to 2 candles), in which the filament 
consists of a single “ hairpin’ of tungsten or carbon. 

The direct measurement of the mean spherical candle-power of 
light sources by means of some form of integrating photometer (see 
Chapter VII.) is now becoming more and more general. For this 
purpose some form of sub-standard of known mean spherical candle- 
power must be employed, and it is frequently desirable to use a 
gas-filled lamp for the purpose in order to avoid colour difference. 
The mean spherical candle-power of a vacuum lamp of suitable type 
is first measured by means of the apparatus described on p. 204, 
using the ordinary standards of candle-power. This lamp is then 
compared in the integrating photometer with other (vacuum or gas- 
filled) lamps which are to serve as sub-standards. The precautions 
chiefly necessary in preparing sub-standards of this kind are those 
which ensure constancy of light flux, viz., (a) ageing, (b) certainty of 
contact and accurate potential (or current) measurement, (c) con- 
staney of position (upright or pendent), particularly in the case of 
gas-filled lamps. Filament form, lens effects in the glass, and the 
position of the filament image are unimportant. 

The Acetylene Sub-Standard.—For approximate work in labora- 
tories where a steady source of electric supply is not available, a 
screened acetylene flame of special form has been found useful as 
a sub-Standard (5°). This form of standard, known as the Kastman- 
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Kodak standard, is shown in section in Fig. 73. The burner is a 
Bray air-mixing burner, consuming about 7 cub. ft. per hour and 
giving a cylindrical flame about 3 mm. in diameter and 50 mm. high. 
The flame is surrounded with a black cylindrical hood of metal 
having at one side a small horizontal opening C pro- 
vided with a wedge-shaped diaphragm. The centre of 
the opening is adjusted in height, according to the 
burner used, until the part of the flame visible 
through CO is that which is least affected in bright- 
ness by small changes in gas pressure. The height 
of C above the burner tip is then usually between 
18 and 20mm. The pressure of the gas worked 
with is 9 cm. of water. Each burner requires 
separate standardisation by comparison with a 
tungsten lamp, which it matches in colour when 
the efficiency of the lamp is about 9 lp-w. The 
effective position of the source being that of the 
inner opening in C, this opening may conveniently 
be arranged to be over the centre of the bench 
carriage. 

Comparison Lamps.—Even sub-standards should 
not be used more than is absolutely necessary, and 
where much photometric work has to be done it is 
usual to employ a lamp, known as a comparison 
lamp, for the actual measurements, and to deter- 
mine the value of this lamp at the beginning of each 
day’s work by means of the sub-standards. This 
comparison lamp may be of any type so long as 
its candle-power can be relied upon to remain con- 
stant for the period of use. In the substitution 

| method of photometry, described in the next chapter, 
man-Kodak Ace- the use of a comparison lamp is always necessary 
tylene Sub-stan- : . - 
are (see p. 161). Many different types of lamps have 
been used as comparison lamps at different times (°), 
but an electric incandescent lamp, either with or without a colour 
filter, is now employed almost universally on account of its steadiness 
and general convenience. 

It is sometimes convenient to be able to use the same comparison 
lamp for measuring lamps of widely different candle-powers. This 
can be arranged by placing a lamp of high candle-power in a whitened 
box having, on the side facing the photometer, a ground glass 
window fitted with a variable diaphragm. The candle-power of the 
window can then be adjusted to a suitable value by altering the size 
of the diaphragm opening (®). 

For continuous work with gas mantles a comparison source of 
similar type is sometimes used (6), A large upright mantle is 
surrounded with a cylindrical screen containing a small aperture 
of convenient (often adjustable) size, so arranged that only the 
central part of the mantle is visible from the photometer. If the 
gas pressure be well regulated, such a comparison source will 
eek its candle-power reasonably constant for a period of several 
10ULS, 
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CHAPTER VI 
MEASUREMENT OF CANDLE-POWER IN A SINGLE DIRECTION 


PHOTOMETRY may conveniently be divided into two branches, 
according to the nature of the information which it is desired to 
obtain. “ Candle-power ’’ photometry has for its object the measure- 
ment of the output of light sources as expressed either in candle- 
power or in luminous flux, while “ illumination photometry ” is only 
incidentally concerned with the sources, and has for its principal 
object the measurement of the illumination which they produce at 
a given point. Illumination photometry will be dealt with in a later 
chapter of this book (Chapter XII.), this and the following chapters 
being devoted to a description of the apparatus and methods of 
candle-power photometry. The measurement of candle-power in 
a single direction will be dealt with in the pages immediately follow- 
ing, while the determination of the candle-power distribution of a 
source and its total flux output, and the apparatus special to that 
particular branch of the subject, will be described in Chapter VII. 

General Considerations.—It has been said already that the eye 
is the ultimate judge in all photometry, since the sensation of light 
is essentially a psycho-physiological phenomenon inseparable from 
that organ of special sense. Nevertheless, methods of photometry 
have been devised in which purely physical apparatus is used to 
measure radiant energy in such a manner that the energy at any 
given frequency is weighted according to the luminosity of light of 
that frequency (see p. 64), so that the physical apparatus becomes, 
in reality, a representative of the average human eye. These methods 
are classed together under the heading of ‘‘ Physical Photometry,” 
and are described in Chapter XI. ; in them it is the energy reaching 
a sensitive surface, 7.e., illumination, that is measured. While the 
same is true of visual photometry in that the ultimate measurement 
depends on the illumination of a sensitive surface, the retina, in this 
case the illumination is due to the brightness of the surface looked 
at, so that in effect visual photometry may be said to depend on the 
measurement of brightness. 

In common with all the other organs of sense, the eye cannot 
measure with any degree of accuracy ('); in fact, its power of 
adaptation (p. 54) is so great that it is probably the worst of all 
the sense organs in this respect. Measurements must therefore 
depend on the judgment of equality (*). Under the most favourable 
conditions a difference of brightness of about 1-6 per cent. (see pp. 8, 52) 
can be detected, and it is found that by a practised judgment of the 
midway point between the first appearance of lack of equality in 
either direction a measurement accurate to about 0-2 per cent. can 
be obtained by taking the mean of a large number of readings. This, 
then, represents the limit of accuracy of visual photometry. The 
art of photometry and the design of photometric apparatus have 
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for their object the attainment of this limit by enabling the eye to 
be used under the most favourable conditions (3). It may be said, 
in fact, that every photometer is a combination of two principal 
parts, viz.: (a) some device for enabling the eye to compare, as 
accurately as possible, the brightness of two surfaces, one of which 
is illuminated by the source to be measured; and (b) means for 
varying the brightness of the other surface according to some known 
law. The only exceptions to this general rule are the so-called 
“ absolute ’’ photometers, which depend on such physiological 
phenomena as (i.) the relation between the retinal illumination and 
the diameter of the pupil (see p. 55), (ii.) the amount of reduction- 
required to bring the measured light just to the threshold of visibility 
(“ extinction’ photometers, see p. 2), (iii.) the relation between 
visual acuity and brightness (‘‘ acuity > photometers, see p. 236), 
or (iv.) critical frequency (see p. 249). 

Classification of Photometers.—It is convenient to divide 
apparatus for visual photometry: into several classes according to 
the method used for obtaining the variation of brightness of one of 
the surfaces to be compared. By far the most important of these 
classes is that in which the inverse square law of illumination is used. 
In the other classes various other laws are employed, such as the 
tangent-squared law of polarisation, Talbot’s law of the. trans- 
mission factor of a sector disc, the law of transmission of an absorbing 
screen, the cosine law of illumination, etc. This classification is 
by no means a rigid one, for apparatus belonging to two or more 
classes may be, and frequently are, used together, but it will be 
useful for the purposes of this chapter, and will be adopted in what 
follows. 

Photometry by the Inverse Square Method.—The simplest, and 
at the same time most commonly used, form of photometer depending 
upon the inverse square law of illumination consists of two essential 
parts, viz. :— 

(i.) A specially designed piece of apparatus termed a “ photo- 
meter head ”’ (sometimes, for brevity, a “ photometer” (#4) ), the 
function of which is to enable the eye to judge when equality of 
brightness is attained between the two comparison surfaces within 
it, each of these surfaces being illuminated by one of the two sources 
of light to be compared. 

(ii.) A graduated bench upon which the photometer head and 
the sources may be mounted in such a manner that the distances of 
one or both of the sources from the head may be varied and measured 
readily and accurately. 

If, then, J, and J, be the candle-powers of the sources, while p, 


2 = 2 
/ 2 
==] 


Fria. 74.—Photometry by the Inverse Square Method. 


and p, are the reflection factors of the surfaces, and d, and d, their 
distances from the sources, it follows that when the two surfaces 
L 2 
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are equally bright p,J,/d,? = p,J./d.?._ Hence, if p, and p, be 
known or equal, J,/7, can be found from a measurement of d, and d,. 
The simplest arrangement is that in which the photometer head and 
the sources are in one straight line, as shown in Fig. 74, one or both 
of the distances d, and d, being variable at will by moving one of 
the sources (Z,, L,) or the photometer head, or both, along the 
‘ photometer bench.” 

The Photometer Bench.—From the equation given above it is 
clear that the distances d, and d, must be measured to an accuracy 
superior to that of the photometric comparison. Since the distance 
enters as a square, an accuracy of 0-2 per cent. in the photometric 
measurement demands an accuracy of at least 0-1 per cent. in 
distance, and since it is desirable that the total of the various errors 
involved may not be much in excess of the 0-2 per cent. theoretically 
attainable, it is clear that the distance measurement should be 
accurate to at least 0-05 per cent., 7.e., half a millimetre in 1,000 mm. 
The photometer bench, then, must be graduated accurately in 
millimetres, and should allow of the use of distances in excess of 
1 metre on either side of the photometer head. This is further 
necessary on account of the dimensions of the sources to be measured 
and the possible range of values of J,/T,. 

The bench may consist of a simple vertical wooden beam carrying 
movable saddles, on which are mounted the light sources and the 


photometer head. It is, however, necessary to have the movements - 


of these saddles as smooth and easy as possible, so as to enable the 
observer to pass through the balance point quickly and without 
much manual effort (°), and also to avoid any vibration of the sources. 
Rigidity is essential in order that the true distance between each 
source and the comparison surface in the photometer may be 
accurately measured on the bench. These requirements are more 
fully met in a bench such as that shown in Figs. 75 and 130 (p. 221) (®). 
The particular pattern there illustrated was designed by Messrs. 
Alexander Wright & Co., of Westminster, in co-operation with 
the National Physical Laboratory. It is a modification of the 
bench made by Messrs. Franz Schmidt and Haensch, of Berlin (7). 
The bars B, B are parallel steel rods of 32 mm. diameter, placed at 
a distance of 178 mm. between centres. These bars are supported 
at four or five points, according to the length of the bench. Close 
to one bar a broad brass strip bearing a scale of millimetres is 
mounted at an angle of 45° with the vertical. The figuring of this 
scale is from a left-hand zero (§), and is marked at every 10 mm., 
the dimensions of the graduations being shown to half seale in 
Fig. 76. The length of the bench may be from 3 to 5 metres. The 
brass strip sometimes bears a second, “ squared,” scale, graduated 
in such a way as to indicate the square of the distance from the zero 
point. The 1,000 mm. mark of the millimetre scale is marked 10 
on the squared scale, so that if the standard illumination be 10 metre- 
candles, and a distance of 1,000 mm. therefore correspond to a 
candle-power of 10, the candle-power of any source may be read 
directly on the squared scale when this source is giving the standard 
illumination at the photometer head. The necessity for squaring 
the reading of the millimetre scale is thus avoided (°). 3 

The Photometer Bench Carriage.—The carriages ©, C which travel 
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-on the bars of the bench and bear the standard lamps, photometer 
head, eéc., are all similar in general design. One of them is shown 
in Fig. 77. The primary essentials of these carriages are, as has 
been said, lightness and ease of motion, combined with rigidity and 
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Fic. 76.—The Photometer Bench Scales. 


steadiness. Upon the ease and rapidity with which a carriage can 
be moved depends, to a very great extent, the accuracy of the 
photometric measurement which can be made by means of the 
movement of this carriage. For inside a region of about 1-8 per cent., 
where contrast is unperceived by the eye, photometric measurement 
depends on the judgment of the half-way position between the just 
perceptible limits on either side. The accuracy of this judgment 
naturally depends on the rapidity with which the limit on each 
side can be presented to the eye. The less the physical effort involved 
in this operation (down to a limit well below that ordinarily attain- 
able in photometric apparatus), the more accurate will be the mid- 
point judgment (1°). The necessity for rigidity and steadiness have 
been mentioned already. 

The secondary requirements of a carriage will be best understood 
from the following description of the design actually employed on 
the bench already described. A broad aluminium base plate P 
(Fig. 77) runs on the photometer bench by means of three wheels W, 
which are spool-shaped so as to ride easily on the bars 5, B (Vig. 75). 
This plate carries at its centre a vertical pillar V, into which fits the 
tubular stem of a circular table 7’. The pillar V is capable of a 
vertical motion of about 130 mm. by means of a diagonal rack and 
pinion R, while the table 7' is capable of rotation about a vertical 
axis within the pillar V. Each of these motions is provided with a 
clamp which, in the case of the table 7’, takes the form of a small 
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split-collar S bearing a key-piece, which can be tightened on to 7 
in any desired position and which fits down into a similarly shaped 
slot in the upper edge of the pillar V. The table 7 is graduated in 
degrees round its outer edge, while the pillar V carries an arm A 
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Kia. 77.—The Photometer Bench Carriage. 


with a mark on it which is in the same vertical plane with the axis 
of the pillar and the fiducial mark on the framework F which moves 
over the brass scale of the photometer bench. The base plate P 
also carries (i.) a clamp for clamping the carriage to the bench at 
any desired position, (ii.) a short pillar, which grips the wire Z 
(Fig. 75) by which the carriage is moved when in use, and (iii.) a 
second pillar, which carries a split-ring for clamping the carriage 
to a brass tube used for fixing two carriages at a definite distance 
apart so that they can be moved as one unit. 

The same pattern of carriage is used for mounting the various 
pieces of apparatus which have, for different purposes, to be used 
on the bench. Standard lamps, mounted as shown in Fig. 71 
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-(p. 138), fit down into the central stem of the circular table 7’, and 


the slot at the bottom of the lamp mounting fits into a key-piece 
fixed inside the bottom of the stem of the table. This key-piece is 
in such a position that, when the zero graduation of the table is over 
the mark on the arm A of the carriage, the mean plane of the lamp 
filament is identical with the plane containing the axis of the carriage 
pillar and the fiducial mark on the framework F. 
_ When electric lamps are to be measured they are accommodated 
in sockets of bayonet, screw, or any other required pattern, specially 
constructed for rigidity and mounted on a stem which fits into the 
circular table of the photometer carriage. Gas burners are similarly 
mounted on holders attached to stems which, again, fit into the 
carriage tables, and these are so arranged that the axis of the table 
passes through the centre of the burner. Various other pieces of 
apparatus for obtaining candle-power measurements of different 
kinds are similarly mounted so that they can be used in the standard 
form of photometer carriage. These will be described later in different 
parts of this book. 

The photometer head (Fig. 75) is used on a carriage which only 
differs from the others in that it has no circular table. The stem 


\attached to the head fits down into the pillar V, which in this case 


has also at its upper end a slot to receive a key-piece which can be 


clamped to the stem bearing the photometer head. It follows that 


when this key-piece is tightened on the photometer stem the position 
of the head is automatically fixed in relation to the carriage. The 
pillar which bears the photometer head is also provided with a side 
clamp holding an aluminium tube of about 12 mm. diameter, on 
which are mounted the screens, to be described later (see Fig. 75 and 
p. 170). Since the most convenient sub-standards and other lamps 
used as temporary standards of candle-power in modern photometry 
are electric lamps, provision has to be made on the photometer bench 
for the ready connection of these lamps to a source of supply, and to 
apparatus for the adjustment and accurate measurement of potential 
and current. Methods by which this may conveniently be arranged 
will be described in Chapter XVI. 

The apparatus described above is suitable for all classes of candle- 
power measurement, both precise standardisation and ordinary 
commercial photometry. If the latter work alone is contemplated 
certain simplifications of detail may be introduced, provided always 
that the principal requirements outlined above be adequately met. 

The Photometer Head.—As already stated, it is the function of 
this piece of apparatus to present to the eye, side by side, the two 
surfaces between which a comparison of brightness is to be made. 
The methods by which this object may be achieved and the instru- 
ments which have been designed for the purpose are exceedingly 
numerous (see Chapter I.) (#1). For accuracy of measurement it is 
necessary that the line of division should be as fine as possible ; 
hence the surfaces should neither overlap in such a way as to produce 
a bright band between them, nor, on the other hand, should they 
be separated by a dark band or line of appreciable breadth (1). 
Another requirement is that either the surfaces should be perfectly 
matt or else they must be looked at from a fixed direction, to avoid 
differences of brightness due to lack of fulfilment of the cosine law 
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of emission. It is desirable that the brightnesses of the surfaces 
should not be greatly affected by a small alteration in the angular 
position of the photometer head. For this reason they should be 
arranged as nearly as possible perpendicular to the incident light, 
for cos @ is equal to unity (to an accuracy of 0-1 per cent.) up to a 
value of 2-5° and hence, if the light be incident normally, the photo- 
meter head may be turned through angles smaller than this without 
affecting the accuracy of measurement as long as the surfaces are 
matt. If, however, the light be incident at an angle of from 45° 
to 20°, as in the case of the Ritchie wedge or its modifications (#%), 
a change of 2° in the position of the head produces an alteration of 
from 1 to 3 per cent. in the illumination of the photometer surface, 
and this alteration is in opposite directions on the two sides, so that 
the total error is twice as great (1*). 

The Bunsen Photometer Head.—The first really accurate photo- 
meter head to be devised was that of Bunsen (1°). In this head, 
which is still in common use, a piece of thin opaque white paper, with 
a translucent spot obtained by treating the paper locally with oil 
or wax, is mounted between the lamps to be compared, and at right 
angles to the line joining them (Fig. 74, p. 147). Then if the illumina- 
tion of the left-hand side of the paper be FE, while that of the other 
side is Hp, it follows that the brightness of the opaque part of the 
Bunsen dise on the left is pH,/z, while the brightness of the trans- 
lucent part is (pH, + 7’Ep)/7, where p, p’ and 7’ are respectively 
the reflection factor of the opaque part, and the reflection and 
transmission factors of the translucent part of the disc. 

There are several methods of using this photometer. In one 
(the substitution method) Hy is kept constant by means of a 
subsidiary source, and the candle-powers of two other sources, Js 
and I, say, are then compared by finding the respective distances, 
ds and dy, at which these sources must be placed from the photo- 
meter in order that the translucent spot may disappear (1°). When 
disappearance takes place pH; = p’H;, + 7’Ep, so that Ey, has a 
constant value, and therefore I's/ds? = Ip/d7. 

In the second method the two sources to be compared are placed 
one on each side of the photometer, and the points of disappearance 
of the translucent spot on each side are noted. In this case 
pH, =p Hy, + 7'Er, and pH'p = p'E'p + 7'E’,, if p and p’ are the 
same for both sides of the Bunsen disc. Hence 


Ey /Ep = 7'/(p — p') = ER /Ei 
and hence (Is/ds*)(dz?/Ip) = (I7/dy)(ds'2/T s) 
or Is/I7 = dsds'/dydy’. 


If absolute symmetry of the photometer head cannot be assumed. 
then the head must be reversed and the same process gone through 

. . < 5 
again. It is easy to show that the true value of Js/I7 is the geometric 
mean of the values obtained with the photometer (a) direct and 
(6). reversed (27). 
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The third method of using the Bunsen photometer is that of 
comparing the contrast between the translucent and opaque parts 
on the two sides where these are viewed simultaneously. This 
can easily be achieved by placing the disc in a box containing two 
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- mirrors M, M (Fig. 78) slightly inclined towards the disc S, so that 


images of the two sides are seen in close juxtaposition by an observer 
at O (18). When there is equality of contrast on the two sides it 
follows that pl ,|(o' Ex, 4. t' Ep) => pL R|(p'Er ++ 7 Ey), or Hy, => Ep. 
If symmetry of the disc and 

mirrors cannot be assumed, 
the photometer head is 
reversed and the process re- 
peated, the geometric mean 
of the two results again 
giving the true value. The 
separation of the two fields, 
inevitable when mirrors are 
used, may be avoided by the 
use of the prism system, 
shown in Fig. 79 (1%). 

It will be noticed that in 
this method of using the 
Bunsen screen the criterion Fic. 78.—The Bunsen Photometer. 
is equality of contrast instead 
of equality of brightness, and it has been found that in favourable 
circumstances the eye is capable of appreciating contrast equality 
even more accurately than it can appreciate brightness equality (2°). 
This principle has, therefore, been adopted in the accurate form of 

photometer head to be described in a 


Bunsen later section of this chapter (see p. 157). 
eee ee Since the values of p, p’ and 7’ vary 
be ee considerably with the angle of emergence 

SO ae of the light, it is essential that, what- 

DM ee, ever method be followed in using the 
ee ioe Bunsen disc, the line of sight should 


always make the same angle with the 
normal to the disc. 

The theory of the Bunsen disc has 
been worked out very completely by 
Weber and others (*'). It has frequently 
been described quite wrongly in text- 

books (22), it being stated that, with the 

sources to be compared one on each side 
TA, | Field of of the photometer head, the balance point 
Ss is the position of disappearance of the 
translucent spot when the disc is viewed 
from one side. A simple experiment will 
serve to demonstrate that the points of 
disappearance on the two sides are separated by a distance which 
is far from negligible even in rough photometric work (**). 

Methods of preparing the Bunsen disc have been described by 
many writers (24), and the translucent spot has been given many 
different forms, including a circular disc, a star, and a vertical band. 
In any case, the dimensions of the translucent part should not be 
large. When an actual “ grease-spot ” is used, a sheet of suitable 
white paper (2°) is stretched on a board, and a disc of brass of the 
form and dimensions desired for the spot is heated, plunged into 


Fie. 79.—Prism System for 
Viewing the Bunsen Disc. 
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molten paraffin wax, and, after draining, is placed on the she 
paper and then removed. The superfluous wax is absorbed > 
sheet of blotting paper and an iron, moderately heated so as not 
spoil the edges of the spot. The Leeson disc consists of a sheet of 
white paper in which a star-shaped hole has been cut with the 
sharpest possible edge. A sheet of thin translucent paper is then 
pressed on to each surface of this sheet, and a Bunsen disc with a © 
very fine line of demarcation is obtained. Tépler’s disc is similar, — 
but has a circular spot. 

It is important that any Bunsen disc in which a paper surface 
is used should be kept in a dustproof and dark enclosure when not 
actually in use ; otherwise dirt and the discoloration due to exposure 
to light will gradually produce a lack of equality between the tw 
comparison surfaces (?°). 

The Disadvantage of Mixed Light on the Comparison Surfaces.— 
It will be noticed that there is one defect in the Bunsen photometer 
head. This is the fact that the brightness of the translucent portion 
of the field is due partly to transmitted and partly to reflected light, 
i.e., each comparison surface receives light from both sources, with a 
consequent reduction of sensitivity. When the photometric setting 
is obtained, the brightness of this part of the field is proportional 
to 7'Hr + pH, while the brightness of the opaque part of the field 
is pH,. It follows that if the photometer head be displaced by a 
small distance x to the left of its balanced position, the percentage 
increase of brightness of the opaque part will be 200z/d;, while the 
percentage decrease of brightness of the translucent part will be 
200a(7’Er/dr — p'H,/dz) = (7’ER aa p Ey). 

Dividing through by 7’Hp and putting L;/Er=m, where m is 
very nearly unity, this becomes 


, , 
2000 (5 ae 7) (1 4 sy 
dp T. dy, T 

Clearly the accuracy with which the photometric setting can be 
made increases with the percentage change of contrast for a given 
movement of the photometer head, i.e., with increase in the value 
of the expression written above. Hence, since the ratio of dp to d; 
is governed entirely by the ratio of the candle-powers of the two 
sources, while m is very nearly unity, it follows that the sensitivity 
increases as p'/7’ diminishes, and attains its limiting value when 
p' = 0,%.e., when the translucent part of the field derives its light 
from one source only. 

This is clearly a particular case of a more general principle that 
the sensitivity of a photometer is reduced if either comparison field 
receive light from both the sources being compared. For suppose 
one field A receives the whole of its light from a source L4, while 
the other field b receives a fraction p of its light from the same 
source 4, and the rest from a second source L;. Then any move- 
ment from the position of balance which produces an increase” of 
x per cent. in the illumination of A produces a simultaneous increase 
of pa per cent. in the illumination of B. If this same movement 
produce a decrease of y per cent. in the illumination of B due to 
Ly, the aggregate contrast produced by the movement is (y — px) 
per cent., and this clearly increases as p decreases. The principle 
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just proved shows once again the necessity for a sharp boundary 
between the two comparison fields, for the presence of an intermediate 
region owing its brightness to both sources, and therefore less affected 
by any given movement of the photometer head, causes an un- 
desirable separation between those portions of the surfaces which 
alone the eye should compare in making its equality setting. 

Thus the following may be laid down as the conditions to be 
fulfilled in a sensitive photometer head :— 

(a) The light should be incident normally at the comparison 
surfaces. : 

(6) The surfaces should either be perfect diffusers or else be 
viewed from a fixed direction. 

(c) The surfaces should be presented to the eye with the sharpest 
possible boundary between them. There should be no overlapping 
nor any appreciable separation (27). 

(d) Each surface should receive its light from one only of the 
sources to be compared. 

The Lummer-Brodhun Photometer Head.—The conditions above 
laid down are best met in the form of photometer head due to 
O. Lummer and E. Brodhun (2). The principle of this photometer 
depends on the use of a so-called “‘ cube” made up of two right- 
angled glass prisms, as shown in Fig. 80. In one of the prisms the 
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Fira. 80.—The Lummer-Brodhun Cube. 


principal surface is spherical instead of flat, but it has a small region 
at the centre which is flat, and which makes optical contact with the 
central portion of the flat surface of the other prism, while the 
outer parts of the surfaces are separated by air. It follows that light 
entering the prism system at the surface AB passes undeviated 


Pan 


156 err PHOTOMETRY 


through the central portion in optical contact, while over the outer 
portion it is totally reflected, and emerges at BC. On the other 
hand, light entering DE is transmitted through the central portion 
and emerges at BO. Hence, if S, and S, be two comparison surfaces, 
the central part of S, is seen directly by an eye placed at O, while 
the outer part of S, is seen by total reflection at the surface AC, and 
the two together form a ring and disc field with a very fine and 
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Fria. 81.—The Lummer-Brodhun Head. (Equality-of-Brightness Type), 


sharp line of demarcation if the prism DEF be skilfully con- 
structed (29). For photometric purposes the cube and comparison 
surfaces are arranged as shown in Fig. 81. S is a sheet, about 4 mm. 
thick, of plaster of Paris or some other white diffusing substance, 
held in a brass framework, the plaster surface being circular and 
about 52 mm. in diameter. The two sides of this dise are illuminated 
by the light from the two sources whose candle-powers are being 
; compared, and the light from them is brought 
to the two prisms of the cube by means of 
silvered glass mirrors or auxiliary total reflec- 
tion prisms, as shown in the figure. The field 
of view seen by the eye at O is then as shown 
in Fig. 82. The eyepiece is provided with a 
lens at W, so that the surface of the cube may 
be brought to a focus and the necessary sharp- 
ness of the boundary between the two parts 
of the field obtained. The plaster screen, 
mirrors, cube, and eyepiece are mounted rigidly 
inside a brass box provided with two openings 
by which the light from the sources mav reach 

Fra. 82.—The Lummer- id ale ES m f & s 
Brodhun Equality-of- S (see Fig. 89). These windows are pro- 
Brightness Field. vided with brass cover-plates, which are used 
to close the windows when the photometer is 
not in use, and thus prevent, as far as possible, the entrance of dust. 
This, by settling on the glass surfaces, produces dark specks on the 
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_ field which are very annoying to the eye when it is endeavouring to 


make a photometric balance. The interior of the photometer box is 
lined with black velvet or optical black (3°) in order to absorb stray 
light due to reflection from the glass surfaces. The screen S is remov- _ 
able, so that it can be reversed or taken out altogether for the purpose 
of testing the screening, etc. (see p. 170). The whole photometer box 
1s pivoted about its axis by means of two steel bearings working in 
a solid brass semi-rectangular framework, so that it can be com- 
pletely reversed. It is also provided with a degree scale, which works 
under a clamp and pointer attached to the framework, so that the 
photometer may be used at any desired angle. The framework has 
at the bottom a short stem which fits into a tubular holder, and is 
thus mounted on a carriage travelling on the photometer bench. 

A slight modification, due to H. Kriiss (?") and shown diagram- 
matically in Fig. 83, is the introduction of a reflection prism, by 
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Fra. 83.—Prism System for Direct- Fia. 84.—Binocular Vision Lummer- 
Vision Lummer-Brodhun Head. Brodhun Head. 


means of which the light is redirected in such a way that the eyepiece 
can be situated either along or parallel to the axis of the photometer 
box. Further, by means of the prism system shown in Fig. 84, 
binocular vision of the photometer field may be obtained (*). 

The Lummer-Brodhun Photometer (Contrast Type).—In the 
photometer above described the equality of brightness of the two 
comparison fields at the position of balance causes the boundary 
between these fields practically to disappear when this setting is 
made, provided the condition (c) set out in the section above be 
fulfilled, and the lights compared be of the same colour. Disappear- 
ance of the boundary, however, is not that condition which enables 
the eye to judge most accurately of equality between two fields, and 
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for this reason, as already remarked with regard to the third method 
of using the Bunsen disc, the contrast photometer, in which equality 
of contrast is the criterion instead of equality of brightness, possesses 
a greater sensitivity. The Lummer-Brodhun cube may be adapted 
for use in this way by altering the form of the surface of contact 
of the two prisms (8). The faces of both prisms are flat, and that of 
the prism ABC (see Fig. 85) is sand blasted or etched with the 
pattern shown shaded in Fig. 86. The result is that when the prisms 


Fia. 85.—The Lummer-Brodhun Fic. 86.—The Lummer-Brodhun 
Contrast Cube. Contrast Field. 


are pressed together, either with or without balsam, so that the 
smooth parts are in optical contact, the light passes straight on in 
the region shown unshaded in Fig. 86, while the light entering at 
BD is totally reflected over the region shown shaded in that figure. 
It follows that if the cube be mounted as in Fig. 87 the brightness 
of the unshaded region is due to the left-hand side of S, while the 
brightness of the shaded region is due to the right-hand side of S. 
If thin sheets of glass G,, G, be added as in Fig. 85, then owing to 
reflection at the two additional glass surfaces thus introduced, the 
brightness of the trapezoidal patch R, in Fig. 86 will be about 
8 per cent. less than that of the background to R,, while the bright- 
ness of #, will similarly be 8 per cent. less than that of the background 
to Rk, Thus at the position of balance the contrast between 
trapezoid and background will be 8 per cent. on both sides of the 
field of view, and this contrast will be increased on one side and 
diminished on'the other as the photometer is moved away from the 
position of balance. Thus the criterion is equality of contrast (*4). 
The most suitable degree of contrast for maximum sensitivity has 
been investigated by Lummer and Brodhun (*°), who used, instead 
of the single glass plates G, and G,, two double plates ALM and 
K'L'M' (see Fig. 88), which could be rotated through equal angles 
about the vertical axes L and L’. Since the transmission of light 
by a glass plate varies with the angle of incidence (see p. 113), the 
contrast could be varied, and, indeed, reversed, by altering the ratio 
between the angles ALM and BLK. It was found that the sensitivity 
was a maximum (0-2 per cent.) with a contrast of about 3 to 4 per 
cent., while with a contrast of 8 per cent. it was only half as great 
(0-4 per cent.), but the superior simplicity of the two fixed glass 
plates has led to their general adoption in place of the more compli- 
cated system shown in Fig. 88. The correct degree of contrast could 
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_ be readily obtained by substituting for the plain glasses G,, G, two 
neutral glasses having an absorption factor of 4 percent. (apart from 


Fic. 87.—The Lummer-Brodhun Fig. 88.—-The Lummer-Brodhun Cube 
Contrast Head. with Variable Contrast. 

surface losses) and cementing these to the cube (3%). It has also been 
proposed to use a field in which the contrast is graduated, increasing 
from below upwards on one side, and 
from above downwards on the other (37). 
The position of balance is then found by 
adjusting to equality of contrast at the . 
middle parts of the two trapezoidal 
patches. 

The component parts of the Lum- 
mer-Brodhun contrast head are shown 
in Fig. 89. 

The Martens Photometer.—There are 
several other forms of photometer head 
which are used on the bench in the same 
way as the Bunsen or Lummer-Brodhun 
form. One of these, designed by F. F. 
Martens (8), is shown diagrammatically 
in Fig. 90. Light from each side of the 
photometer screen passes through a series 
of lenses and a Fresnel biprism /’, so that 
two images of each surface are formed 
in the plane of the exit pupil of the eye- 
piece H. The positions of these images 
are shown in the diagram, those of sur- 
face S, being a, and a,, formed respec- 
tively by light from the halves 1 and 2 
of the biprism. Similarly, the images of 
S, are b, and 6,, and the angle of the 
biprism is so related to the separation of the total reflection 
prisms and to the distance /# that a, and 6, coincide; a, and 


Fig. 90.—The Martens 
Photometer. 
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b, are stopped by a diaphragm, while an eye placed at H sees 
the two halves 1 and 2 of F bright by reason of the light from S, 
and S, respectively. The dividing line, formed by the edge of the 
biprism, can be made very sharp. The use of a biprism for photometry 
was first suggested by M. v. Frey and J. v. Kries (?*), and was 
adopted by K6nig in his spectrophotometer (see p. 281). The 
arrangement can be adapted to give a contrast field (*°). A some- 
what similar arrangement is the Hiifner rhomb, shown in Fig. 91. 
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Fig. 91.—The Hiifner Rhomb. 


This consists of a glass rhomb ABCD, the angles of which are such 
that two beams of light, one from each of the surfaces to be com- 
pared, are caused to emerge at A in juxtaposition, the line of 
demarcation being the fine edge of the rhomb. 
The Joly Block Photometer.—A modification of the Bunsen head, 
which is very simple in construction and therefore frequently used 
for work of medium accuracy, consists of 
two equal thin blocks of some translucent 
material (41), preferably opal glass, separated 
he by a thin sheet of silver foil or other opaque 
material, as shown in Fig. 92 (#). The light 
reaching the outer surfaces of the blocks is 
diffused internally, and gives the sides of 
the blocks seen by the eye a certain bright- 
ness. The photometric setting is made by 
obtaining equality of brightness on both 
sides of the dividing line. Disadvantages 
of this photometer. are (a) the absorption of 
light in the blocks, which makes it unsuit- 
able for comparing sources of low candle- 
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ve power, and (b) the uncertain position of the 
surface from which the lamp distance is to 
20 v7 227 be measured. In the case of a highly diffus- 


ing medium, this surface is probably very 
close to the outer surface of the block. The 
allowance for screen thickness should, there- 
29 ua fore, always be made as described below 
Fra. 92.—The Joly Block  (P- 168). 
Photometer. Use of the Photometer Bench.— The 
preceding sections of this chapter have 
been devoted to a description of the photometer bench and _ its 
accessories, and to an account of the various forms of photo- 
meter head which have been designed for use with it. The most 
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- obvious method of applying the inverse square law to the comparison 


of the candle-powers of two sources is that of placing the sources 
on carriages fixed at any convenient positions on the bench, and then 
moving the photometer head to and fro between them until the 
position of balance is found. This simple method is, however, open 
to various objections. In the first place, it assumes absolute 
symmetry in the photometer head. Equality of brightness of the 
comparison field results from equality of illumination of the two 
surfaces exposed to the light from the sources only if these surfaces 
have equal reflection factors, and if the light from them is equally 
treated as regards reflection, transmission, efc., before it reaches the 
eye. 

Another objection, of less importance, is the amount of calculation ° 
necessitated by this method, for if one source be fixed at the zero 


- mark on the bench, while the other is at a distance d from it, then, 


if the photometer setting be x, the ratio of the candle-powers is 
(ad — x)?/ax?. . 

To overcome the first objection it is usual to employ the substitu- 
tion method, so often used in accurate physical measurement (4). 
In this a third source, whose candle-power need not be known, is 
used as a comparison lamp on one side of the photometer head, while 
the two sources to be compared are placed in turn on the other side 
of the photometer. A photometric balance with the comparison 
lamp is made in each case. Clearly, if the candle-power of the 
comparison lamp be assumed to be J;, then the required ratio of the 
candle-powers of the other two sources J,/I, = (1,/I¢)/(12/I¢), and 
this is quite independent of the value of J,, and therefore of any 
symmetry in the photometer head, for this must affect equally both 
of the ratios J,/I, and J,/T¢. 

The second difficulty is overcome by fixing the distance between 
the photometer and the comparison lamp, so that the brightness 
of one comparison surface is a constant. If, then, photometric 
balance be obtained with the photometer head at distances d,, dy, 
d, ... respectively from a number of other sources in turn, it 
follows that I,/d,? = I,/d,? = I,/d,2 =... - Much calculation is 
therefore avoided when a number of measurements have to be made 
in succession, especially if each of the expressions J/d” be made equal 
to some convenient figure, say 10-5, with d in millimetres, so that 
I, = 10-5d,?. This method is often described as the “ fixed 
distance ” method. 

There are some cases in which it is impossible or inconvenient to 
adopt the fixed distance method, as, for instance, when working 
with flame sources (#4). The substitution method must still be 
employed, in order to avoid errors due to asymmetry in the photo- 
meter head (45), but the sources are fixed and the head is moved 
between them (Fig. 93, a). The sub-standard and test lamp are 
placed in turn at the zero of the bench, while the comparison lamp 
is fixed at a distance d. If the positions of balance of the head be 
d, and d, for two lamps whose candle-powers are respectively 7, and 
Eeeittollows that, /15 = d,°(@ = ds)/do7(d— dy)”. 6) C): 

In most cases, however, it is possible to fix the photometer head 
either with respect to the comparison lamp or in relation to the test 


lamp and sub-standard. The latter arrangement is by far the more 
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convenient when the candle-power distribution of a source is being 
measured by means of mirror apparatus, or when the source is 
enclosed in an integrating sphere (see Chapter VII.). The carriage 
holding the photometer head is then clamped at the zero of the bench 
(Fig. 93, b), and the comparison lamp is moved by means of the cord 
and pulley arrangement previously described (Z in Fig. 75). By 
this method J,/I, = d,2/d,2, where d, and d, are respectively the 
positions of the comparison lamp when sources of candle-powers 
I, and I, are in the test lamp position. 

For simplicity in calculation the method first described, viz., that 


Substandard > Comparison 
or Test ) Lamp 


to) Z @ 
(a) Variable Distance Method 


) @, 
(2) Fixed Photometer : Movable Comp. Lamp 


fo) @ 
(c) Fixed Distance : Movable Photometer 


@ O 
(@) Fixed Distance: Fixed Photometer 


Fie. 93.—Methods of Bench Photometry: 


in which the photometer is fixed with respect to the comparison 
lamp, is much to be preferred. Either of two methods may be used, 
according to circumstances. When the zero of the bench is near its 
left-hand extremity, the carriages bearing the photometer head and 
the comparison lamp are clamped together by means of a stout bar 
so that they move together as a single unit (Fig. 93, c). The sub- 
standard and the test lamp are placed at the zero of the bench, and 
the fixed distance between the photometer head and comparison 
lamp is so adjusted by means of the bar that J,/d.2 = 10-5, dy being 
the position of balance of the photometer head for a sub-standard 
of candle-power /;. For approximate work a ‘‘ squared” scale 
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(see p. 148) may be used. The photometer is fixed at the mark J, 
on this scale and the comparison lamp is moved until a balance 
is obtained in the photometer head. The comparison lamp is then 
clamped to the photometer at this distance and a test lamp is 
substituted for the sub-standard. The position to which the photo- 
meter has then to be moved in order to restore the balance in the 
head, gives I, at once on the “ squared ”’ scale. The disadvantages 
of this arrangement are (i.) the observer has to move his head to and 
fro with the photometer in making a setting, and (ii.) the unit to be 
ee is heavy, since it consists of two carriages and the connecting 
ar. : 

These disadvantages may be avoided by fixing the photometer 
and the comparison lamp to the bench and moving the sub-standard 
or test lamp. To avoid complicating the calculations, it is desirable 
to have the zero mark at or near the centre of the bench and to scale 
in both directions from this zero (Fig. 93, d). The disadvantage of 
this method is that the centre zero implies the waste of a considerable 
part of the bench length when any illumination higher than normal 
has to be used at the photometer head, as, for instance, in measuring 
sources of high candle-power, when the use of a sector dise or absorb- 
ing medium is not desirable. The various bench methods just 
described are shown diagrammatically in Fig. 93. 

It is usually found that the method in which the photometer 
head and comparison lamp are moved together is the most generally 
useful. The necessity for moving the observer’s head is not found 
to cause any noticeable inconvenience. The movement, in any case, 
is a slight one. The weight to be moved may be reduced by using 
aluminium in place of brass wherever possible in the construction 
of the carriages and photometer head. This method will, therefore, 
be described in detail, and the modifications necessary if either of 
the other methods be employed can easily be inferred. First, 
however, two sources of error common to all methods of bench 
photometry must be considered. 

Separation of Photometric Comparison Surfaces ; Thickness of 
Photometer Screen.—It will be seen that as long as the substitution 
method is employed, symmetry of the photometer head, never com- 
pletely attainable in practice, need not even be aimed at. The 
assumption is made, however, that the vertical plane of each com- 
parison surface in the head passes through the fiducial mark on the 
photometer carriage. This condition is frequently not fulfilled, For 
example, in the case of the ordinary Lummer-Brodhun head the 
plaster screen is 4 mm. thick, so that each comparison surface is 
2 mm. right or left of the carriage mark. It follows that with this 
instrument the actual distance between each source and the surface 
of the screen which it illuminates is (d — 2) mm. when the distance 
between the source and the centre of the photometer as measured on 
the bench is d mm. Hence the true illumination is # = I/(d — 2)?. 

If the left-hand comparison surface be ¢; mm. to the left of the 
fiducial mark, while the right-hand surface is ¢, mm. to the right of 
this mark, the allowance for ‘‘ screen thickness ” may be made as 
follows, according to the method of working chosen :— 

(a) Variable Distance Method.—The sub-standard or test lamp 
is placed f; mm. to the left of the bench zero, while the comparison 
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lamp is placed at the position (d + t,), although the value d is used 
in the calculations. ‘ 

_ (b) Comparison Lamp alone Moved.—The photometer head is 
placed with its fiducial mark t, mm. to the left of the bench zero. 
If any calculations be based on the distance between the sub- 
standard (or test lamp) and the photometer, the distance (¢; + ¢,) mm. 
must be subtracted in each case. 

(c) Photometer and Comparison Lamp moved together —The sub- 
standard or test lamp is placed t, mm. to the left of the bench zero. 
The effective distance between the comparison lamp and the photo- 
meter is t, mm. less than the fixed distance as read on the bench, 
but this distance usually does not enter into the calculations. 

(d) Centre Zero.—The photometer head is placed f mm. to the 
right of the bench zero, assuming that the comparison lamp is on the 
right. The effective distance of the comparison lamp from the 
photometer is (¢, + ¢) mm. less than the distance as read on the 
bench. : 

The magnitude of the error involved in the neglect of this correc- 
tion clearly increases as the ratio J,/J,, departs from unity ; for, 
taking the fixed distance method as an example, the illumination 
due to the sub-standard is J,/(d; — t,)?, and this is equal to the 
illumination due to the test lamp J7/(d7 — t))?. 

The true value of I7/I; is (dr — t,)?/(d; — t;)?, and this equals 
(dr/ds)*[1 + 2t(1/ds — 1/dp)| approximately. Since the value of 
the expression enclosed within the square brackets does not differ 
from 1 by more than 0-1 per cent. so long as 2#(d; — dr)/dgdr < 10-% 
numerically, it follows that if, when d, and d, are of the Order of 
1,500 mm., the difference between them does not exceed about 
500 mm., 7.e., the ratio between the two candle-powers is not greater 
than 2, then the correction need not be made so long as ¢; does not 
much exceed 2 mm., 2.e., in the case of the Lummer-Brodhun head. 
In some other photometer heads, however, ¢; is much in excess of 
this value (4"), so that the correction for screen thickness is always 
necessary in such cases. The extra work involved in making it is, 
moreover, so small that there is no justification for neglecting it 
in work having any pretensions whatever to accuracy. 

Importance of Exact Positioning of the Photometer Head.— 
Owing to the fact that no surface is perfectly diffusing, there is a 
source of error in all the ordinarily used forms of photometer head, 
if proper care be not taken to ensure that the comparison surfaces 
are perpendicular to the incident light. Fig. 94, which is exaggerated 
for the sake of clearness, shows the effect of twisting the photometer 
head through a small angle. The light which reaches the eye from 
the left-hand side of the disc S leaves the surface of the dise in the 
direction SA, while that from the other surface leaves it in the 
direction SB. It follows that, if the surface be not perfectly diffusing, 
the reflection factor will be different in the two cases (see pp. 114, 
343), and in the case of most surfaces, when both sides of S are 
equally illuminated, the right-hand side will appear the brighter in 
the photometer. This effect may amount to as much as 0-4 per cent. 
for an angle of twist of 2° in the case of a plaster screen. Although 
this error is avoided in the substitution method of photometry if 
the twist of the head be not altered between the readings on the 
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different lamps, it is clearly desirable to remove all possibility of 
error from this cause by adjusting the screen to be exactly perpen- 
dicular to the bench axis and : 


then clamping the registering 

collar on the pillar attached to ———, 

the photometer framework. The ; 
adjustment may be made quite 2 oe 
accurately by placing a small 

piece of mirror on the top of 
the photometer so that it is 
exactly in the plane of the 
screen S. The image, in this 
mirror, of the lamp ZL will be 
in line with the lamp _ itself 
when viewed from a point on 
the axis of the bench, if S be 
properly adjusted. A slight ver- 
tical tilt of the head is clearly 
less important, owing to the fact 
that the plane of SA and SB 
is perpendicular to the plane 
of S. Fic. 94.—The Effect of Twisting the 

Procedure in making Measure- Photometer Head. 
ments on the Bench, using the 
Substitution Method and a Fixed Distance between the Photometer 
and the Comparison Lamp.—In the following detailed description of 
the method used in measuring candle-powers by the fixed distance 
method, the source to be measured will be referred to as the “ test 
lamp ”’ (candle-power J), while the lamps used as the basis of the 
measurement will be termed “ sub-standards.” Hach such sub- 
standard will be assumed to be an electric lamp of the type illustrated 
in Fig. 71, p. 138, and its candle-power, as determined by comparison 
with a standard at one of the national standardising laboratories, 
will be taken as J,. For the sake of convenience in description, it 
will be assumed that the test source is also an electric lamp, and 
that it is to be measured in a single direction. The modifications 
in procedure necessary in the testing of other sources will be indicated 
later in this section. The photometer head used will be assumed to 
be the Lummer-Brodhun contrast head, with a screen 4 mm. thick. 

The test may be divided into four parts, as follows :— 

(i.) A comparison lamp Z, is placed in the carriage on the right 
of the photometer. This lamp is preferably of the same type as the 
sub-standard, but it may be of any convenient type so long as its 
position can be maintained quite rigidly in the carriage mounting 
and there is no possibility of even slight changes of candle-power 
over a burning period of a few hours. The electrical connections 
may be as described in Chapter XVI. The function of this lamp is to 
maintain a constant illumination of the comparison surface on the 
right-hand side of the photometer head. 

(ii.) A sub-standard Lg is placed in the carriage on the left of the 
photometer head, and its leads are connected as shown on p. 440. 
The mean plane of the filaments is adjusted to be accurately over a 
line 2 mm. to the left of the zero mark of the bench (#%). For the 
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purpose of this adjustment it is convenient to have a plumb line 
hanging at a short distance in front of the zero mark, as shown in 
Fig. 95. The suspension of this plumb line should be capable of a 
small movement in the direction of 
the bench axis. When the carriage 
is placed with its fiducial mark 2 mm. 
left of the zero of the bench, the 
plumb line may be adjusted by sight 
so that it lies in the plane passing 
through this — 2 mm. mark and the 
axis of the carriage pillar. The lamp 
filaments should then be also in this 
plane. If they are not, the carriage 
must be moved until, with the eye 
placed so that the plumb line still 
covers the —2 mm. mark on the 

bay bench, the filaments are seen to be 
ars directly behind the line. During this 

Bar of Benel adjustment a low potential should 

be applied to the lamp terminals so 
that the filament is just glowing, 
although not sufficiently to dazzle the 
eye and prevent clear vision of the 
plumb line and the bench scale. 
When the position of the lamp has 
been correctly fixed, the carriage is 
firmly clamped to the photometer 
bench. 

ven (iii.) The lamps Ly and ZL, are 
now switched on, at first with their 
adjusting resistances fully in, so that 

Mark on Table «there is no chance of even a momen- 

Supporting Beneh tary excess of potential above that 

Fie. 95.—Arrangement for setting an which these lamps are to run, 
Lamps on the Bench Zero. especially in the case of the sub- 
standard. The potentials on the 
lamps are then gradually raised to their correct values, and the 
photometer carriage is clamped at the position on the bench given 
by the relation J,/d;2 = 10-5, supposing that 10 metre-candles is 
being taken as the working illumination. The distance d, between 
the photometer carriage and the comparison lamp carriage is then 
adjusted so that as good a balance as possible is obtained in the 
photometer, and these carriages are then clamped together by means 
of the brass bar previously referred to. The distance d, is noted, and 
the photometer carriage is then unclamped from the bench.* 

A series of photometric settings is now made with the lamps 
carefully maintained at a constant potential. Supposing two 
observers to be working together, each one in turn makes five or ten 
settings without looking at the readings he obtains, while the other 
observer notes down these readings to the nearest half millimetre 


* It is a useful practice to move the combined carriages after unclamping and to 
check the distance between them in order to make sure that there is no possibility of their 
moving relatively to each other during subsequent work. 


au a 
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_ and watches the instruments which indicate the potentials (or 


currents) on the comparison lamp and the sub-standard circuits. 
It is to be noticed that the observer does not see his own readings 
until after the completion of the set, so that he cannot be un- 
consciously biassed in either direction (4°). The mean reading for 
observer A may be denoted by 4d,, and that for observer B by ds. 
It will generally be found that these mean distances are not exactly 
equal to each other or to V10° x Is, which may be denoted by dg: 
The usual procedure is to find the alteration which would be necessary 
in d, in order to bring these quantities into agreement. Since 
Is/ads? = I,/d¢?, it follows that I,/ds? = I/o(do + x)®, where x = 
(d¢/sds)(ds — ads), so that, since 4d, is nearly equal to ds, the 


“correction” for A is dp(dy — 4ds)/ds, and similarly that for B is 


do(dy — pds)/ds. 

Several more sub-standards, L,, D3, D4, etc., are now inserted in 
turn in place of L, and the different corrections to d, found by A 
and B are tabulated as follows :— 


Date . Comp. lamp No. at volts. 
dg = 1,739-, mm. 


Observer | Sub-standard dg (true) dg (observed) (3) — (4) (dg/ds) x (5.) 


| 


(1) (2) (3) (4) (5) (6) 
Te 1,364, 1,362-, oul + 2-2 

A iif 1,326-, 1,326-, a Oss + 0-2 
Te 1,358°, 1,359-, 14 aavies 
16, 1,359-, 1,357-, fils +19 


Mean correction for A 4- 0-7 


it 1,364, | 1,364, 20 — 0:6 

B L, 1,326-, 1,332, — Dis = 1% 
ie 1,358-, | 1,361-, eee — 4:8 

ip 1,359-, | 1,359-4 0. — 0:2 

| Mean correction for B == By 


The figures in the extreme right-hand column should show about 
the same degree of consistency for each observer as that shown in 
the above example. If they do not, more sub-standards should be 
taken. If the inconsistencies are too large to be accounted for by 
personal errors, defects in the comparison lamp or in the electrical 
circuits should be looked for. 

The correction to the fixed distance d, is generally made according 
to the results obtained by one observer. Subsequent measurements 
of test lamps made by this observer (A, say) with this corrected 
fixed distance do not then require any correction. The results 
obtained by B require correcting, however, to bring them to the 
values which that observer would have obtained if his value had 
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been adopted for the fixed distance. The amount of this correction 
is clearly ad/d;, where x is the difference between the fixed distance 
actually used and the fixed distance found by B, i.e.,~ = (zd, — d-). 
In the example given above « = — 3-9 mm. with d, reset to suit A. 

(iv.) Test lamps may now be put in the position formerly occupied 
by the sub-standards, each being lined up so that its “ photometric 
centre of symmetry ”’ (i.e., the centre line of the light-giving system) 
is in the plane perpendicular to the axis of the bench and passes 
through the — 2mm. mark on the scale. Photometric measurements 
are then made on each lamp by both observers as before. After 
the correction to the distances found by B has been made as described 
at the end of the last paragraph (5°), the mean of the results of both 
observers is found for any one test lamp, and the candle-power Ir 
found by squaring this distance (in mm.) and dividing by 10°. A 
convenient method of booking the readings is shown in the following 
scheme :— 


Date . Comp. lamp No. at volts. 
Fixed distance, 1,739-7 mm. 
Test Lamp| Observer | dp (observed)| dr (corrected) | Mean Ir 
(1) (2) (3) (4) ie es ae 
T A 1,493-, 1,49 } ; 
B 1,495-,° |) 1,498) | tetas os 
fhe A 832-, 832-5) 7 
B 834., R990 pie hea —. 


* 1,492-, = 1,495-, — (dz/d,) x 3-9. 


For approximate work one observer is often considered to be 
sufficient. In this case the fixed distance is set to suit this observer, 
and no correction is necessary. The candle-powers of the test lamps 
are found, either by direct reading on a ‘‘ squared ’’ or candle-power 
scale, or by squaring the reading on an ordinary millimetre scale. 

In the above description of photometric procedure it has been 
assumed that what is required is the candle-power of a lamp at a 
given potential or current. Sometimes it is required to determine 
the potential or current at which a lamp has a given candle-power J p. 
This is obtained by fixing the test lamp at the — 2 mm. mark, and 
the photometer head at the point dp (= VIp X 105). The electrical 
conditions are then adjusted to give a fairly close photometric 
balance in the photometer head. Two sets of candle-power measure- 
ments are made in the ordinary manner, with the test lamps at 
potentials respectively about one-half of 1 per cent. above and 
below the potential thus obtained. These measurements enable the 
correct value of potential or current at the specified candle-power 
to be obtained at once by interpolation (see Appendix X.). For 
approximate work it is sometimes sufficient to set the photometer 
head at the distance which corresponds with the definite candle- 
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- power, and to obtain the photometric balance by altering the 
potential on the test lamp. This is done by means of a resistance 
inserted in the test lamp circuit, and placed so as to be conveniently 
under the control of the observer at the photometer head (24); 

When the source to be measured is not electrical, the photometric 
procedure is exactly the same for operations (i.), (ii.) and (iii.). 
For (iv.) the lining-up of the test lamp is also similar, but the control 
conditions necessarily depend on the particular nature of the source. 
In the case of a gas flame, mantle, or similar source, the pressure 
of the gas must be controlled by some form of regulator (52). The 
rate of consumption must be adjusted to the scheduled value, or to 
the value at which the maximum candle-power is obtained. This 
rate should be measured while the photometric measurements are 
in progress. Adjustment of the air inlet may also be required. No 
photometric measurement should be made until the lamp has been 
burning for at least thirty minutes, and a final slight adjustment 
of the gas and air inlets may be required at the end of this period 
before the observations are begun. Other factors which affect the 
candle-power of gas lamps are the calorific value of the gas used (3) 
and, to a less extent, the humidity and pressure of the surrounding 
atmosphere (°4). The centre plane of a flat flame, and the axis of a 
gas mantle, are usually adopted for lining-up over the zero mark 
of the bench. It should, however, be remembered that a gas mantle 
is very opaque to the light emitted from the opposite side of the 
mantle, so that the true photometric centre is at a distance of about 
r/3/2 from the centre towards the photometer head, if the mantle 
be assumed to be a cylindrical, perfectly opaque and diffuse radiator 
of radius r. The same remark does not. apply to a flame which is 
usually so transparent that the mean plane of a duplex flame may be 
taken as the plane midway between the two individual flames. 

When a candle-power measurement is made in a single direction, 
unless this direction is specified beforehand (as, for example, by the 
position of the leading-in wires in an electric lamp), it is usual to 
choose a direction in which the illumination is even and as free as 
possible from bright or dark lines or spots. A piece of white paper 
placed in front of the photometer head will generally show consider- 
able unevenness of illumination in the case of an ordinary commercial 
electric lamp, for instance. As the lamp is rotated in the carriage 
pillar light and dark vertical lines will be seen to move across the 
paper owing to images of the filaments in the bulb and slight lens 
effects due to vertical striations in the walls of the bulb. If these 
be included in the field covered by the photometer head the candle- 
power may be found very sensitive to exact positioning of the lamp. 

To define the direction of candle-power measurement it is 
generally sufficient in approximate work to mark an arrow on the 
lamp cap on the side of the lamp facing the photometer. For more 
accurate work the procedure described in connection with the 
preparation of sub-standards (see p. 139) may be followed. 

Measurement of Sub-standards.—The process by which the candle- 
power value is assigned to a sub-standard at a standardising labora- 
tory is very similar to that described above. This sub-standard 
now becomes the “ test lamp,’’ while the standardising laboratory's 
master sub-standards are used for the comparison. The only 


170 PHOTOMETRY 


important difference is, in fact, the number of measurements made 
on each lamp, the final value assigned to it being the mean of the 
values obtained on at least three separate occasions by two or more 
observers. The master sub-standards used at the standardising 
laboratory are compared in a similar manner with the international 
standards, a large number of observers making measurements on 
many separate occasions, so that their mean values are probably 
correct to at least 0-1 per cent. 

For approximate work in laboratories where the amount of 
photometric work done is considerable, as, for example, in a lamp 
factory, it is usual for a number of lamps to be compared at the 
laboratory with sub-standards obtained from a standardising 
laboratory. Such lamps then become working sub-standards, 
and, if compared at frequent intervals with the real sub-stan- 
dards, they may be used until they fracture or develop some other 
defect. 

When a sub-standard is measured, the current taken by it at the 
standard potential is usually measured by means of a potentiometer 
and standard resistance (see p. 438). This current value will then 
serve as a check on the constancy of the lamp in subsequent work. 
The correction to be applied to the measured current when the 
potentiometer is in the sub-standard circuit (p. 439) should be noted. 
It is quite satisfactory to use under-run tungsten filament lamps for 
the measurement of carbon lamps, provided the candle-power at the 
under-running voltage be sufficient to give the necessary illumination 
at the photometer head (°°). 

Screening.—A very important precaution to be observed in all 
photometry is that of preventing stray light from reaching the 
photometer screen (°°). Stray light 
may be regarded as any light which 
reaches the photometer otherwise than 
directly from the source being measured. 
It may be due either to the other 
sources of light in the room or, more 
frequently, to reflections, by objects 
near the bench, of light from either of 
the lamps being compared. 

There are several methods of avoid- 
ing stray light, though all depend on 
the same principle, viz., the interposi- 
tion of opaque black screens which 
completely shield the photometer except 
. Clam to in the direction of the lamp. These 

stometer Screens may be of the general form 
Carriage shown in Fig. 96, with apertures of 

Fra. 96.—Form of Screen for Various sizes. They are supported at 
Use on the Photometer Bench. intervals along a light aluminium 
tube which is clamped to the carriage 

holding the photometer. The distances between the screens are 
adjusted in relation to the sizes of the apertures, as shown 
diagrammatically in Fig. 97, so that no light can reach the photo- 
meter except from the region AB. The lamp is situated in the centre 
of this region, and some 50 cm. behind it is placed a large screen 


were ee 
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covered with clean black velvet,* so that in effect the photometer 
and lamp are enclosed in a light-tight box. Sometimes, as an 
additional precaution, black curtains are hung along the bench on 
either side to prevent too much light from reaching the screens, and 


Fic. 97.—Arrangement of Screens on the Bench. 


so finding its way by reflection to the photometer, for the reflection 
factor of even a matt-black paint may be from 3 to 5 per cent. 

In a slightly different method of screening a light-tight box is 
actually used. Two rectangular frameworks, one near the photo- 
meter, and the other near the lamp, are connected by a square tube 
of black material which, being pleated like an accordion bellows, 
elongates or contracts as the photometer moves away from or towards 
the lamp. Here, again, a black velvet screen is placed at a sufficient 
distance behind each lamp. 

In order to test the effectiveness of the screening arrangements, 
the photometer disc should be removed and each lamp looked at 
from the window on the opposite side of the photometer. Nothing 
should be visible in any direction except the lamp itself; the 
remainder of the field of view should be completely occupied by black 
surfaces. 

Sometimes trouble is experienced from light reflected by the 
polished metal bars of the photometer bench itself. In the direction 
of specular reflection this light, unless completely stopped by the 
screens, may cause a considerable error in the photometric measure- 
ments. It can be avoided completely by covering the bars with a 
piece of black velvet at the region half-way between the lamp and 
the photometer. 

Too much emphasis cannot be placed on the importance of 
adequate screening in accurate photometry. It is no exaggeration 
to say that half the inconsistencies in the photometric measurements 
made in an ordinary laboratory are due to imperfect screening. 

Transportable Photometers.—Many different types of so-called 
“portable” photometers have been designed for use outside the 
laboratory or testing room (°”), These consist, generally, of a short 
bench of simplified form in the centre of which is fixed a photometer 


* It should be noted that velvet readily collects dust and may, when sufficiently 
coated, reflect an appreciable amount of light. 
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head. A sub-standard is used on one side, and the lamp under test 
is moved along the bench on the other side of the photometer. 

The accuracy of instruments of this kind is not great, and for 
most purposes for which a portable photometer is required it is 
preferable to abandon the bench altogether and use one of the 
illumination photometers described in Chapter XII. The test 
surface of the photometer is placed at one end of a blackened tube, 
and the test lamp at a certain fixed distance d from it. If HZ be the 
illumination measured by means of the photometer, J = d°E. 

The Weber Photometer.—A very convenient form of portable 
photometer in which the inverse square law is employed without 
the use of a bench is that first designed by L. Weber in 1883 (°§), 
and subsequently modified by the introduction of a Lummer- 
Brodhun cube, and still later by the substitution of an electric lamp 
for the benzine comparison lamp originally used. This photometer, 
since the scale employed for the distance measurement is short 
compared with that of a photometer bench, is most useful for work 
of moderate accuracy and in places where a bench is not available. 
As now constructed by Messrs. Franz Schmidt and Haensch, it is 
shown in sectional elevation in Fig. 98. TJ, is a stout wide 


Fia. 98.—The Weber Photometer. 


horizontal tube along which moves an opal glass plate M,. This 
is illuminated by a small electric glow lamp L, contained in a square 
box at the end of 7’,. The distance of 7, from this lamp is measured 
by means of a pointer moving over a scale S. The current through 
L, is maintained constant by means of an external rheostat and 
battery. At the other end of the instrument is a smaller tube 7, 
containing a second opal glass plate JM,, fixed in position. M, is 
illuminated by the lamp ZL, (not shown) which is to be measured. 
The brightnesses of 7, and M, are compared by means of the mirror 
system and the Lummer-Brodhun cube C. The photometric balance 
is obtained by adjustment of the position of 1,, and if the distance 
of M, from Ly be dy when a balance is obtained, while the constant 
distance between L, and M, is d,, then J,/d,? = «I,/d,2, where « is 
a constant of the instrument (°°). «/, is found by standardising with 
sub-standards in the usual way ; in fact, it plays the same part as 
the candle-power of the comparison lamp in the substitution method 
of photometry. For increasing the range of the photometer, absorb- 
ing glasses are introduced in front of M, to increase the value of x 
(see p. 182). 

Polarisation Photometers.—In certain problems of photometry, 


. 
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notably the comparison of the candle-power of two sources in homo- 
geneous light (spectrophotometry, see Chapter IX.), it is not 
generally practicable to vary the distance between the source and 
the photometershead, so that the inverse square law cannot be 
applied. For such problems recourse is had to one of the other laws 
governing the brightness of a surface illuminated by a source, 
notably the squared tangent law of polarisation, referred to in 

Chapter IT. (p. 30). 

_ The principle of a polarisation photometer is, briefly, the produc- 
tion of contiguous (or, occasionally, superposed) images of the two 
comparison surfaces by means of an optical train which includes a. 
device for plane polarising the light which forms one or both of these 
images. The polarising device may consist of a pile of glass plates 
upon which the light is incident at or near the 
polarising angle (see p. 113), or, more con- 
veniently, it may consist of a doubly-refracting 
prism, such as a Nicol or Wollaston (see p. 29) (8°). 
If the beams of light forming the two images be 
polarised in mutually perpendicular planes, then 
the interposition of a second, or analysing, Nicol 
prism reduces the intensity of one image by the 
factor cos” 6, and that of the other image by the 
factor sin? 6, where @ is the angle between the optic 

~ axis of the Nicol prism and the plane of polarisation 
of the light forming the first image (see p. 29). 

If, therefore, the analysing Nicol be capable 
of rotation and photometric balance be obtained 
at the angle 6, it follows that the ratio between 
the brightnesses of the two images, supposing no 
Nicol interposed, would be tan? @. 

The Martens Polarisation Photometer. — The 
methods of producing the two contiguous images 
with the finest possible dividing line are different 
in the various polarisation photometers that have 
been designed from time to time. In the Martens 
polarisation photometer (*') a Fresnel biprism is 
used, as in the ordinary form of Martens photo- 
meter already described (see p. 159). The polarisa- 
tion instrument is shown diagrammatically in 
Fig. 99. Here a and 6 are the two comparison 
surfaces. The light from a passes through a plano- 
convex lens C, into a Wollaston prism W. Here 
it is split up into two beams, one, shown by the 
full line, being polarised in the plane of the paper, 
while the other, shown by the broken line, is 


polarised in a plane perpendicular to this. Each % % G2 % 
of these two beams passes through the biprism # Fre. 99.—The Mar- 
and, in consequence, is again split into two parts, pon Pere 
so that the light from a is now divided into four (generals prin- 


beams which, on passing through a suitable lens ciple). 

system, form four separate images of a in the ; 
plane of the entrance pupil of the eyepiece. Of these four images 
two, viz., a, and dy», are polarised in the plane of the paper, while 
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the other two, a’, and a’,, are polarised in the perpendicular plane. — 


The light from b is treated similarly, and the angle of the biprism 
is designed in relation to the relative positions of object and image, 
and to the separation of a and b, so that a’, and 6, coincide at the 
eye, while the remaining six images are stopped by a diaphragm. 
Tt follows that one half of the biprism F appears bright due to the 
light from a, which is polarised in the plane of the paper, while the 
other half appears bright due to light from 6, which is polarised in a 
perpendicular plane. The interposition of a Nicol prism in a 


Fig. 100.—The Martens Polarisation Photometer. 


holder capable of rotation about the axis of the instrument therefore 
gives the complete photometer, which in its actual form is shown in 
Fig. 100. 

T is a hollow tube, open at one end and closed at the other with 
a small cap holding a white plaster screen S. This tube is capable 
of rotation about the horizontal axis of the instrument ZZ’, while 
the instrument itself is mounted on a vertical pillar capable of 
rotation in azimuth, so that the tube 7’ can be moved to such a 
position that the light from the lamp to be measured, L,, passes 
along the tube and is incident normally at 8. The light from S is 
deflected by the totally reflecting prisms P and Q, and a lens cemented 
to P forms an image of S at a position a, which is close to the second 


a 


‘surface of @. The comparison lamp used for the measurements, DL 
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is placed at one end of a horizontal tube 7”, and illuminates a small 


sheet of translucent opal glass 6. The image a and the surface 6 
form the two comparison surfaces, and the remainder of the instru- 
ment is seen to be arranged as just described. Now the brightness 
By of image a’, is proportional to the illumination of S (E,, say), 
while that of 6,, B,, is a constant, so that if 0 be the angle on the 
scale of the Nicol prism, #, = « tan? 6, where « is a constant of the 
instrument. « is obtained by calibration with a sub-standard of 
candle-power J placed at a distance d from 8. If, then, « be the 
value of @ with this arrangement, //d? = x tan? «, so that «= 
i -cotaid*, 

A modification of the Weber photometer (see p. 172) has been 
designed (®?) in which two Nicol prisms, crossed at a measurable 
angle, are employed instead of the movement of the plate M/,. 

Since the polarisation photometer makes use of the squared 
tangent law, it follows that the scale of the instrument becomes very 
inaccurate when the ratio of brightness of the comparison surfaces 
B,/B, is far removed from unity, for d(tan? 6)/tan? 6 d0 = 4 cosec 20, 
which becomes infinite when 6 = 0° or 90°, and has its minimum 
value when 6 = 45° (B,/B,= 1). The angular movement for a 
given contrast is reduced to one-half of its maximum value when 
B,/B, is equal to about 15. The maximum absolute accuracy is 
1 per cent. for a movement of 0-1 mm. on an angular scale of 80 mm. 
diameter, so that it is clear that the accuracy attainable with this 
form of photometer, using a scale of practicable dimensions, does 
not approach that obtainable with a photometer bench of even 
3 metres total length. Further, the instrument possesses the two 
errors common to all apparatus involving accurate measurement of 
angular rotation, viz., (a) error of centering of the Nicol prism in 
relation to the axis of rotation, and (b) zero error due to lack of exact 
coincidence of the optic axis with the plane of polarisation of the 
ordinary ray transmitted by the Wollaston prism when 6 = 0. 
The first error is overcome by taking readings on the scale in opposite 
quadrants. The second error is eliminated by taking as the true 
value of 6 the mean of the angles measured on each side of the zero 
line. 

It is clear that in this form of photometer the light from the 
comparison surfaces must be quite free from polarisation (). Since 
specular reflection produces polarisation, it follows that the com- 
parison surfaces must be as matt as possible, and the direction of 
specular reflection must be carefully avoided. 

The Martens photometer may be used for determining the plane 
of polarisation of partially polarised light as well as the ratio between 
the intensities of the polarised and unpolarised parts. The tube 7’, 
is removed from the rest of the instrument and closed at the end 
by a diaphragm with a single hole admitting unpolarised light from 
an exterior surface. The balance point of the analyser N is found, 
and it is clamped in this position. The tube 7’, is then directed 
towards the surface giving partially polarised light, and is rotated 
as a whole to find the four positions of photometric balance. The 
plane of polarisation of the light bisects the angle between the lines 
joining the pairs of mutually opposite positions found, and the 
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correct bisector is determined by the direction in which the photo- 
metric balance is disturbed as the tube is slightly rotated from the 
balance point. ; 

The tube 7’, is then placed at an angle of 45° with the plane of 
polarisation thus found, and the Nicol N is unclamped and rotated 
until a balance is obtained, at an angle «, say. The percentage of 
polarised light is then 100 sin 2x. For the unpolarised part of the 
light U can be resolved into two components, each of magnitude 
1U, and polarised respectively in and perpendicular to the plane 
of polarisation of the polarised part P. Since the analyser makes 
an angle (45° + «) with the plane of polarisation of P, at the position 
of balance 


(U + P)/ZU = tan? (45 + a), 


whence P/(U + P) = sin 2a. 

Photometers depending upon Talbot’s Law.—By Talbot’s law 
(see p. 58), if a disc with an aperture in it, such as that shown in 
Fig. 101, be set rotating between a lamp and a photometer head so 
that the light from the lamp only reaches the photometer for a 
certain fraction of the whole time, and if the rotation be so fast that 
all sense of flicker is lost when the 
eye looks into the photometer, the 
effective candle-power of the lamp 
is reduced in ratio of the time of 
exposure to the total time (*), 7.e., 
if the aperture in the disc has the 
form of a sector of angle n°, the 
effective candle-power is /(n/360). 
It was long thought that Talbot’s 
law did not apply when » was 
small (8°), but it is probable that 
the deviations found were due to 
small inaccuracies in the measure- 
ment of » (which naturally became 
more important as m was reduced), 

Fic. 101.—The Simple Sector Disc. Since Hyde, in a very careful series 

of measurements (°°), found that the 

deviations lay within the limits of experimental error (0-3 per cent.) 
for values of » as low as 10°. 

The older forms of sector dise had fixed openings (°7), but in later 
instruments the angle of opening could be adjusted while the disc 
was in rotation (°8), 

The Napoli-Abney form (J.c. note (®8) ) is illustrated in Fig. 102. 
The shaft H carries near one end a grooved pulley, which may be 
driven at any desired speed by an electric motor. At the other end 
is a dise A, of which two (or sometimes three) equal sectors have been 
removed, except by the shaft and the rim. A second, exactly 
similar, disc is placed behind this one, and is rigidly attached to a 
sleeve which slides on the shaft. Fixed to this sleeve is a pin, which 
engages in a spiral groove cut in the shaft so that the longitudinal 
position of the sleeve along the axis of the shaft controls the relative 
positions of the two discs. The width of the sector openings is thus 
capable of control by means of a wheel W attached to the sleeve 
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oa pas upon by a groove in a lever L, which moves over a divided 
scale S. 


The form of sector dise with variable opening may be used as an 
approximate form of photometer, the variation of angular opening 


I 

-_ 

—s 
= 
— 
——— 
=== 
_— 
——— 
—=/ 

y 
y 


Fie. 102.—The. Napoli-Abney Sector Disc. 


being employed instead of distance variation in order to control the 
illumination at the photometer head. It is, however, very difficult 
to obtain a sufficiently slow change of aperture for accurate work, 
and, even supposing this done and all “ lost motion ”’ eliminated, 
the angle must be determined to a fifth of a degree (with an opening 
ratio of one-tenth) in order that an accuracy of 1 per cent. may be 
obtained. Further, the rotation of the disc has to be stopped for 
every reading unless some stroboscopic method be employed for 
viewing the scale on the disc while the latter is in rotation. For this 
purpose a neon tube may be used for illuminating the scale, the 
current through the tube being made intermittently by means of 
a contact on the shaft or on the periphery of the disc (6°). Alterna- 
tively, the method of illumination shown diagrammatically in 
Fig. 103 may be adopted (7°). A narrow slit S is cut in the sector 
disc about ? inch above 


the fiducial mark K. M s | Z 
S is intermittently illu- ee ere a () 
minated as it passes in “__ 4) | Pee | 

front of a fixed lamp L, EA 


and an accurately-fo- 

cussed image of it is Fie. 103.—Intermittent Illumination of the Rotating 
formed by means of Sector Disc. 

the concave mirror M 

on the mark K and the neighbouring parts of the graduated scale. 
These illuminated parts are viewed by the eye at # through the 
lens L’, and when the sector is in rotation this scale appears quite 

PR. N 
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stationary if S be sufficiently narrow. Another form of disc has been 
described in which the angle of opening is measured electrically (™). 

A different form of apparatus, designed for use as a photometer, 
is that in which the sector disc remains stationary while the light 
from the lamp is caused to rotate by means of the double total- 
reflection prism arrangement shown in Fig. 104 (°°). This prism 

system is mounted on 
s a double disc which 
rotates about the axis 
of the stationary sector 
disc S. The light fol- 
lows the path shown 
by the broken line, so 
that the illumination 
of the screen P is pro- 
portional to the open- 
ing. It is to be noticed 
that in this device the 
Fic. 104.—The Brodhun Sector Dise. Fresnel prisms must 
not act as a stop on 
the beam of light, 7.e., the whole of the source must be clearly visible 
from every part of P when the sector disc is not acting as an 
obstruction. The chief advantage of this device, apart from ease 
of construction, is the accuracy and rapidity with which the open- 
ing of S can be adjusted so that it can be employed as the actual 
mode of brightness variation in making a photometric balance. It 
is so employed in a form of photo- 
meter (72) which resembles the Weber 
photometer (p. 172), except that the 
variation of iliumnation of one of the 
comparison surfaces is produced in this 
way instead of by movement of the 
plate. M, towards or away from the 
source L.. 

Although the sector dise is con- 
venient in cases where a photometer 
bench cannot be used, and where an 
accuracy of l or 2 per cent. is sufhi- 
cient, its chief use in precision photo- 
metry is in combination with the bench, 
where its function is to reduce in a 
given ratio the illumination from sources 
of very high candle-power without the 
need for an absorbing wedge (7°). 

The best form of dise for this 
purpose is one with a fixed opening, 
such as that designed by Hyde for his 
work on Talbot’s law, mentioned above 
(74). Hach dise consists of a sheet of 
metal in which three or more apertures 
are cut, as shown in Fig. 105. The 
edges of the apertures are very carefully cut and filed down so as 
to be exactly radial, particularly in the cases where n is small. The 


Fiq. 105.—The Sector Dise with 
Fixed Apertures. 
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-edge of the metal is bevelled on the side facing the photometer in 
order to avoid possible reflection from a flat edge. Although the 
remainder of the disc is painted black, the paint is not carried over 
the edge, as otherwise the angle of opening is diminished. A con- 
venient set of discs is one containing the nominal ratios 1/5, 1/10, 
1/20 and 1/50. The exact ratio for each disc is best obtained by 
direct calibration on the photometer bench, a lamp of convenient 
candle-power (say 100) being balanced against a comparison lamp 
both with and without the disc. If the distances of the lamp from 
the photometer in the two cases be d, and d, respectively, it is clear 
that the disc ratio is equal to (d,/d,)?. For ratios below 1/10 it is 
generally best to calibrate “in cascade,” using, say, the known 1/5 
or 1/10 disc in the first photometric balance, and then substituting 
the disc of unknown ratio (7°). It is necessary that the edges of the 
apertures should be strictly radial, otherwise the disc ratio will vary 
with the distance of the disc axis from the photometer bench axis. 

The dise required for any particular test is clamped on to the end 
of a shaft driven by a small electric motor, as shown in Fig. 105." 
Care must be taken to arrange the disc between the lamp and 
photometer so that the whole of the lamp may be seen from the 
photometer when an aperture passes, while, on the other hand, no 
part of the lamp is visible except through an aperture in the disc. 

It should be noted that a sector disc cannot, in general, be used 
in flicker photometry (see p. 262). 

Photometers depending on the use of Absorbing Media.—Yet 
another method of varying the illumination of a photometer com- 
parison surface is to insert between it and the source of light a piece 


Fra. 106.—The Double-wedge Absorbing Filter. 


of transparent medium the transmission of which can be varied in a 
known manner (7°). The simplest form of apparatus for achieving 
this consists of two thin wedges of neutral glass, or of lampblack in 
gelatine enclosed between glass plates, arranged as in Hig. 106, so 
that one wedge can be moved over the other. ‘The transmission factor 
thus remains uniform over the whole surface of overlap, but changes 
as one wedge is moved over the other, so that the thickness of the 
combination is altered. It is clear that, if the angle ¢ of each wedge 
be very small, then a movement 3/ of one wedge over the other 
produces a change of ¢6/ in the thickness ¢. If « be the specific 
absorption of the wedge material, the rate of change of transmission 
is dr/dt = — ar (see p. 116). Hence (1/r)(dr/dl) = ga. 

If « be 1 mm.—! (2-3 mm. for 10 per cent.), then 461 = 67/7, so 
that for a movement of 1 mm. to produce a | per cent. change in 7, 

must be 0-01 radian, or about half a degree. Clearly, since 
(1/7)(dz/dl) is a constant, the scale connecting / and 7 is logarithmic, 
2.e., it gives the same percentage accuracy throughout. It must be 
remembered, however, that in practice the absolute accuracy will 
depend on (a) the constancy of % throughout the body of the filter, 
and (b) the constancy of 4, which is extremely difficult of attainment 


in such a very small angle. In practice it is generally found better 
N 2 
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to calibrate any given pair of wedges by other photometric methods, 
and not to rely on the theoretical relation given above. 

In cases where the accuracy required is not great, or the breadth 
of the beam of light which traverses the wedge is small, a single 
wedge of neutral glass may be used in combination with a wedge 
of clear glass, for in this case the variation of transmission over the 
length of wedge occupied by the beam may be neglected. : 

Instead of neutral glass, a Goldberg wedge, made of gelatine 
containing a very fine lampblack in suspension, is often used (“‘). 
A small amount of diffusion cannot be avoided in the case of this 
material (78), but it is more truly neutral than the most “ neutral ” 
glass at present obtainable (7°). 

Instead of a wedge, a strip of photographic plate may be used. 
The gradation of transmission may be obtained (i.) by exposing the 
plate through a Goldberg wedge, (ii.) by grading the time of exposure 
from one end to the other, or (iii.) by using a wedge-shaped diaphragm 
over a diffusing source of light, so as to produce a gradation of 
illumination from one end of the plate to the other (8°). The objection 
to this form of wedge is the diffusion of light inseparable from an 
exposed photographic film. 


A layer of liquid, adjustable in depth, has also been used as a_ 


variable absorbing filter for photometric purposes (**). 

A device in which the difficulties due to diffusion or to lack of 
neutrality are avoided altogether is that shown in Fig. 107 (**). Two 
exactly similar gratings having, say, sixty 
lines to the inch, are clamped face to face 
at a distance apart approximately equal 
to the breadth of a line. The lines are 
opposite to each other, so that the trans- 
mission factor of the double grating for 
light passing through it normally is 50 per 
cent., if the lines and spaces are equal in 
breadth (neglecting the losses by reflec- 
tion at the glass surfaces). As the double 
grating is rotated about an axis parallel 
to the lines the transmission factor de- 
creases to zero, and by calibration the 
relation between angle and transmission 
may be accurately determined. The great 
Fra. 107.—The Variable Neu- advantage of this form of filter is that it 
tral Absorbing Filter. 
transmitted light, and that, once calibrated, 
it may be relied upon to retain its calibration. The dimensions given 
above may be varied in any direction, subject to the limitations that 
(a) the lines must not be so fine as to produce any noticeable 
diffraction ; (b) they must not be so coarse as to produce any notice- 
able pattern on the photometer screen. It will be seen that increasing 
the separation of the gratings gives a closer scale, i.e., d@/dr becomes 
less. This filter is a modification of an earlier form, in which one 
of the gratings was moved across the other so that the lines of one 

grating gradually overlapped the spaces of the other (8°), 
Kven the best variable absorbing filter is but a poor substitute 
for a photometer bench, and, just as in the case of the sector disc, 


is strictly neutral as regards colour of the. 
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the chief field of usefulness for an absorbing filter in photometry is 
In conjunction with a photometer bench, where a filter of fixed and 
accurately known transmission may be used to reduce the candle- 
power of a high intensity source so as to bring it within a range 
convenient for comparison with the sub-standards available (8). A 
coloured filter may be used to alter the spectral distribution of the 
light from the source, but this will be dealt with later in Chapter VIII. 
For the purposes considered in this chapter a filter should be as 
neutral as possible, 7.e., its transmission factor should be the same for 
light of all frequencies. It should also be truly transparent, i.e., it 
should not diffuse any of the light passing through it. Neither of 
these conditions is fulfilled in practice by any homogeneous absorbing 
filter. So-called “neutral” glasses nearly always have a higher 
transmission factor in the extreme red than elsewhere in the spectrum. 
This is clearly seen when several are placed together for the purpose 
of looking at a bright source, such as the sun. 

Instead of reduction by transmission, reduction by reflection 
may be used, the light from the high intensity source being reflected 
once or several times from a polished surface of black glass (8°). 

The effect of diffusion in an absorbing filter may be minimised 
by placing the filter close to and at a fixed distance from either the 
photometer or the lamp. It should not be so placed between the 
photometer and the lamp that its distance from either or both is. 
liable to change, since the light which is diffused by the filter acts 
as if it emanated from the filter as a source. The necessity for the 
fulfilment of these conditions may be shown theoretically as follows. 
Let 7 and 7’ be respectively the “regular” and “ diffuse ” trans- 
mission factors of the filter, and let the distances of the filter 
and of the photometer surface from the source be respectively x and 
d. The illumination at the filter is J/z?. That at the photometer 
is rl /d?+-(I/x?)r'f/a7(d—a)?, where f is the area of the filter. This equals 


(I/d2)[r + 2'fa?/na®(d — x)? 


Now if (d — x) be small compared with d, x is nearly equal to d, and 
the right-hand term of the expression in the brackets reduces to 
z'f/a(d — x), which is constant as long as (d — x) is constant. 
Similarly, if 2 be small compared with d, this term becomes 7'f/z?, 
which is constant as long as 2 is constant. Thus constancy of effective 
transmission can only be obtained when the filter is close to and at 
an invariable distance from either the source or the surface it 
illuminates. 

Absorbing filters may be used in two ways. A single plane filter 
may be used to reduce the illumination from a source of very high 
candle-power so that it may conveniently be balanced against a 
comparison Jamp of normal candle-power, and it may also be used 
on the comparison lamp side of the photometer when very small 
sources are being measured. In any case, the transmission factor 
must be known for light of the same spectral distribution as that 
given by the source with which it is to be used (see p. 249). It is 
convenient in the photometric laboratory to have a set of neutral 
filters of this kind with transmission factors of the order of 10, 5 and 
2 per cent. These will enable sources up to about 2,000 candles to be 
measured with a bench distance of 2 metres when the standard 
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illumination at the photometer is 10 metre-candles. The trans- 
mission factors of such filters must be accurately determined, either 
at a standardising laboratory or by using a high candle-power 
source of the same kind as that with which the filters are to be used. 
For instance, if they are required for work with gas-filled lamps 
operating at an efficiency of about 15 lumens per watt, then such 
a lamp, with a candle-power of about 250 candles, may be used on 
the test lamp end of the photometer bench, while a similar lamp of 
about 30 candles will serve as a comparison lamp, and, if used at 
a distance of about 1 metre from the photometer, will give a com- 
parison illumination of about 30 m.c. It will be noticed that the 
exact value of this illumination does not matter. With no filter 
on the test lamp side, the reading of the photometer at the balance 
point will be d, about 3 metres. With the 10 per cent. filter in place 
the reading d’ will be about 1 metre. The transmission factor 
of the filter will clearly be (d’/d)?. The other filters may now be 
measured in a similar way, either directly or “‘ in cascade,” by using 
the already determined factor of the 10 per cent. filter, and placing 
this filter on the comparison lamp side, when the filter being measured 
is on the test lamp side. The correction for the thickness of the 
photometer screen should be made as described on p. 163. The 
range of use of the Weber photometer, and of many portable 
illumination photometers, is increased by inserting neutral filters 
in such a position that the apparent brightness of 1/7, is reduced and 
a higher illumination can be balanced with the same comparison 
lamp. The instrumental constant must be determined with each 
glass or set of glasses in position. 

It is usually safe to assume that a lampblack-gelatine neutral 
filter is sufficiently neutral for its transmission factor to remain 
quite constant over the whole range of colour given by electric lamps, 
from ordinary vacuum lamp efficiency (6-7 lumens per watt) upwards. 
The value determined with such sources should not, however, be 
assumed to hold with great accuracy when the filter is being used 
with such sources as the electric arc, incandescent gas mantles, the 
mercury vapour lamp, or the yellower flame sources. The trans- 
mission factor of filters for use with sources of different colours will 
be referred to again in Chapter VIII. 

Whenever filters of appreciable thickness are used in photometry, 
it should be remembered that, owing to refraction, the effective 
distance of the light source from the photometer screen is reduced 
by the quantity (nm — 1)t/n, where ¢t is the thickness of the screen 
and its refractive index (see p. 23). Thus for a screen of glass 
(n = 1-5) of 3 mm. thickness the measured distances must be 
reduced by 1 mm. in order to find the true candle-power of the 
source, 

Other Methods of Varying the Photometer Illumination.—Methods 
of photometry have at various times been based on a large number 
of devices, other than those enumerated above, for altering the 
brightness of the photometer comparison surfaces according to a 
known law (8°). In some forms of photometer the variation of 
brightness according to the cosine law of illumination has been 
used (°"). This method is still employed in certain portable photo- 
meters for measuring illumination (see p. 350). Since for every 
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known surface the reflection factor varies with the direction of the 
incident light, the cosine law cannot be assumed to hold accurately, 
and the instrument therefore requires calibration by a more funda- 
mental form of photometer. 

Another method, depending on the use of a diaphragm of variable 
opening, is also used in some portable illumination photometers 
(see p. 353). A source of light is placed behind a translucent screen, 
which illuminates one surface of the photometer head. The illumina-. 
tion is directly proportional to the area of a diaphragm which may 
be placed (a) directly in front of a translucent surface acting as the 
effective source (88), (b) close to a lens which forms an image on 
the photometer surface (8°), or (c) close to a lens which serves as 
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Fic. 108.—Forms of Variable Diaphragm. 


an objective to an ocular system with a small artificial pupil (°°), 
so that the brightness of the image of the translucent surface seen 
by the eye varies as the diaphragm area (see p. 109). Forms of 
diaphragm which have been used are shown in Fig. 108. 

A negative lens may be used to reduce the illumination of a screen 
placed behind it, for if Z be the source (Fig. 109), Pe the lens of focal 
length f, and S the screen, the light flux, which without the lens 
would occupy an area on the screen equal to wh?(d + 1)?/d?, actually 
occupies an area wh?(x + 1)?/x* where I/x — 1/d = I/f (see p. 22), 
so that the ratio of reduction of illumination is 


(d 4- ay? E zs dl an 
lier] fE+1) 
on account of lens action. This ratio must be further reduced on 
account of losses due to reflection at the glass surfaces and absorption 
within the substance of the lens (*1). This effect has been the basis 
of a so-called ‘“ dispersion” photometer in which the brightness of 
the screen is varied by changing the position of a negative lens 
placed between it and the source to be measured (*). 
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Photometers have been designed in which the light from the two 
comparison surfaces is caused to traverse two prisms of glass 
separated at the interface by a very thin air film (see p. 26). The 
interference bands formed by the transmitted light from one com- 
parison surface are superposed on those formed by the reflected light 
from the other surface, so that the light bands of one set coincide 
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Fic. 109.—The Reduction of Illumination by a Negative Lens. 


with the dark bands of the other set. When both sets are of equal 
intensity the field of view appears uniformly bright (%). 

An optical effect which it has lately been proposed to apply to 
photometric measurement is the apparent curvature of the path of 
an object which is really moving in a straight line, but which is 
unequally illuminated on the two sides. The effect is due to the 
relation between the brightness of an object and the lag in the visual 
impression produced by that object (*). Instruments based on 
this effect have been described by C. Pulfrich (5). 

Instantaneous Candle-Power.—A special problem in photometry 
is the measurement of candle-power at any given instant in the case 
of a source which is undergoing rapid periodic or continuous changes, 
as, for example, an electric incandescent filament lamp supplied with 
alternating current of comparatively low periodicity, or the same 
lamp during the period immediately following the starting or stopping 
of the current. 

In the case of a periodic change of which the frequency is above 
the critical frequency of the eye (see p. 62), a sector dise synchronised 
with the electric supply may be interposed between the test lamp 
and the photometer (°°). Photometric readings are then taken in 
the ordinary way, allowance being made for the transmission of the 
sector disc. Since the disc is synchronised with the candle-power 
fluctuations, it follows that light reaches the photometer from the 
test lamp only during a brief interval of time, and always at the 
same part of a cycle. By changing the angular position of the disc 
opening, the candle-power can be measured at each point on the 
cycle. 

In the case of frequencies below that at which flicker appears, it 
is necessary either to use a similar disc on both sides of the photo- 
meter or to place the disc between the photometer and the observer’s 
eye. In the latter case a rapid observation of the photometer field 
is made at each exposure, and the position of balance is attained by 
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@ process of successive approximation. A similar method may be 


used in the case of a continuous change, a shutter being placed in 
front of the photometer so that the field is visible only at the required 
instant in the course of the change (9). This type of measurement 
is necessarily tedious, since the whole change has to be gone through 
for every attempt required to obtain a single observation. 

When the changes of candle-power are not too rapid, approximate 
measurements may be made with an illumination gauge such as that 
described on p. 354, or any convenient modification of it (98). 

Relative Merits of Photometers.—A discussion of the advantages 
and disadvantages of the many different types of photometers that 
have been devised at various times would serve no useful purpose 
in this book. 

Several investigations have been made with the object of finding 
the relative sensitivity of different types of photometer head (9°). 
It seems to be the general conclusion that for photometry in which 
there is little or no colour difference between the sources being 
compared the Lummer-Brodhun contrast field gives the best results, 
although the Bunsen, if properly designed and used, may be almost 
as good. When there is a marked colour difference, however, the 
results are less definite (see p. 262). The degree of illumination of 
the field of view has a considerable influence on the sensitivity of the 
eye to brightness contrast (see p. 52), and it is therefore only to be 
expected that it will also affect the precision of photometric measure- 
ments. The curve of Fig. 110 shows the variation of precision with 
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Fig. 110.—The Dependence of Photometric Precision ou Brightness (Uppenborn). 


field illumination found by F. Uppenborn (19°). In cases where the 
comparison field is very small (of the order of 2° to 4°) the use of an 
evenly illuminated background having approximately the same 
brightness as the comparison field has been found to improve the 
accuracy of the settings (1%). Other factors affecting the precision 
of photometric measurement are mentioned in Chapter XI. | 

It has been intended in the descriptions given above to indicate 
briefly the particular merits of each instrument and the scope of 
the work for which it is best suited. Extreme accuracy can never 


186 PHOTOMETRY 


be combined with great simplicity of construction, with portability, 
or with cheapness. On the other hand, one or more of these latter 
characteristics may, in some problems, be more important than the 
last 4 per cent. in accuracy. For work of the highest precision a 
photometer bench, Lummer-Brodhun contrast type head, sub- 
standards obtained from a standardising laboratory, and the best 
possible electrical equipment must be used. Nearly all the so-called 
‘¢ portable ” photometers have to be calibrated with such an arrange- 
ment, but if carefully treated after calibration the best can be 
relied upon, generally, to 1 or 2 per cent., and are often convenient 
for use in positions where it would be impossible to set up a bench. 

The peculiarities of observers and the effects of experience, 
personal health, efc., which are unavoidable in physiological 
photometry (1%), will be mentioned in a later chapter of this book 
(see p. 315). Here all that can be said is that progress in photometric 
accuracy seems to lie in the direction of using some criterion of 
equality of brightness other than absence of contrast or equality of 
opposite contrasts. Probably some combination of physical with 
physiological photometry’ will prove the best arrangement if an 
accuracy superior to 0-1 per cent. is to be achieved. 
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CHAPTER VII 


CANDLE-POWER DISTRIBUTION AND TOTAL FLUX 
MEASUREMENT 


Since no source of light used in practice has the same luminous 
intensity in all directions, it follows that a measurement of candle- 
power in a single direction gives, by itself, but little information as 
to the performance of a source, i.e., the total amount of luminous 
flux which it emits or the manner in which that flux is distributed. 
The total flux given by a source is most conveniently measured by 
means of some form of integrating photometer, but information as 
to flux distribution or, what is equivalent, candle-power distribution 
can only be obtained by means of a large number of candle-power 
measurements made in different directions about the source. It is 
true that for sources in which the design of the light-giving elements 
is more or less invariable (e.g., any one type of gas mantle or electric 
incandescent lamp) it is sufficient for most practical purposes to 
make a measurement of the candle-power in a single specified 
direction, and to infer from this the candle-power in other directions 
on the assumption that the distribution remains nearly the same 
from specimen to specimen. This, however, only simplifies the 
problem in so far that the determination of candle-power distribution 
need only be made for a type instead of for each individual source. 
The necessity for a method of measuring candle-power distribution 
still remains, and the first part of this chapter will, therefore, be 
devoted to a description of the various methods most commonly 
employed for the purpose in modern photometric practice, The 
results obtained are usually exhibited in the form of a polar curve 
(see p. 88) when a planar distribution is determined, and a solid 
of candle-power distribution (/ichtkérper) (#), or an iso-candle diagram 
(see p. 89) in the case of a determination of space distribution. 

Horizontal Candle-Power Distribution.—The determination of the 
polar curve of a source in a horizontal plane presents no difficulty ; 
it can be carried out very simply by making a sufficient number of 
horizontal candle-power measurements, as described in Chapter VI. 
If the source be fairly uniform (e.g., an electric glow lamp of any 
ordinary type, an incandescent gas mantle, efc.), thirty-six measure- 
ments at intervals of 10° will be sufficient for all ordinary purposes. 
For sources such as a flat flame burner, measurements are required 
at more frequent intervals over the regions of maximum variation 
(end-on to the flame). The angle scale on the table of the photometer 
carriage (Fig. 77, p. 150) is used for setting the source in the 
required positions. 

Candle-Power Distribution in a Vertical Plane.—The determina- 
tion of the candle-power distribution curve of a source in a vertical 
plane is less simple. If the source can be tilted without altering its 
candle-power, apparatus similar to that shown in F ig. 111 may be 
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used (?). This consists of two semi-rectangular frames of iron, jointed 
at the open ends so that one frame can be clamped at any desired 
angle with the other. A graduated dial is fixed to the lower frame 
(which is provided with a stem which fits into a photometer carriage) 
so that the angle of tilt of the upper frame, bearing the lamp, can 
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Fia. 111.—Apparatus for Polar Curve Measurements by Tilting the Source. 


be ascertained. By this means a curve showing the distribution of 
candle-power of a lamp, in a vertical plane passing through its axis, 
can be obtained. 

The above method clearly cannot be used in the case of flame 
sources, and, indeed, most sources of light in common use, other than 
vacuum electric incandescent lamps (*), change candle-power when 
tilted out of their normal burning position. For such sources, there- 
fore, some method of measurement must be employed which does 
not involve the tilting of the source. The simplest, perhaps, is that 
in which the source is raised or lowered bodily on a bracket attached 
to a vertical pillar, as shown in Fig. 112. The photometer screen P 
is then tilted so as to bisect the angle between the lines joining the 
photometer to the two sources being compared, L7 and Lg, the plane 
of P being perpendicular to the plane L7PLc. Since the light is 
incident at the same angle on both sides of P, I'7/(h? + d?) = [¢/d¢?. 
Different modifications of this method have been used by various 
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workers (4). It has the great disadvantage that the light is not 
incident normally on the photometer screen, so that a very slight 
inaccuracy in the setting of P produces large errors in the measured 
candle-power (see p. 164). . 
Another method is that involving the use of a movable mirror 
system. When only one mirror is used, it may be arranged to occupy 


ty 
x 
| 
| 


x 


A 


~N 
N 


a 
= : : tok 
a ae ct 


Fie. 112.—Hartley’s Photometer. 


the position of P in Fig. 112, and to move about a horizontal axis 
so as to deflect the light from the source along the axis of the photo- 
meter bench (°). The reflection factor of the mirror cannot, however, 
be assumed to be constant at all angles of incidence (*), and a better 
scheme is that shown diagrammatically in Fig. 113 (7). The source 
to be measured remains fixed at Ly, while the mirror is carried 
on a rigid arm by means of which it can be moved round a horizontal 
axis passing through the centre of Ly. This axis coincides with the 
axis of the photometer bench, passing through the photometer and 
the comparison lamp. The inclination of JM to this axis is capable 
of adjustment so that the light from Ly can be directed to the 
photometer when the latter is at different distances. Very frequently 
two mirrors are used, one on each side of Lp (8). 

For sources of small dimensions apparatus which can be accom- 
modated on a portable framework, or even on a photometer bench, 
has been designed (°). 

The chief disadvantage of this method is the fact that the light 
from M reaches the photometer obliquely, so that as M is moved 
round the error mentioned in Chapter VI. (p. 164) is introduced. 
This defect may be avoided by causing the light to suffer two (1°) 
or three (1) reflections before reaching the photometer (see Fig. 114), 
but since each mirror must be larger than the light source to be 


CANDLE-POWER DISTRIBUTION 197 


measured, apparatus of this kind becomes very heavy and cumber- 
some in the case of large sources. 

_ The most satisfactory device is that in which the source and 
mirror of Fig. 113 are interchanged, so that the source moves in a 


Fic. 113.—Radial Mirror for Polar Curve Measurement. 


vertical circle around the axis of the photometer bench, while the 
mirror, fixed at an angle of 45° to this axis, rotates so as always to 
face the source (*). The light is then incident on the mirror at a 
constant angle of 45°, and is reflected along the axis of the bench. 
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Fig. 114.—Mirror Apparatus for Polar Curve Measurement. 


The apparatus may take the form shown in Fig. 115, which gives a 
view from the position of the photometer. Fixed to a strong upright 
is a toothed wheel W,, and one race of a ball and roller bearing B 
of 34 inches diameter. The other race of this bearing carries a 
brass disc D of 14 inches diameter, to which is rigidly attached the 
steel tube G and a fitting for the mirror M. At one end of G is a 
collar for the axle of a second toothed wheel W,, of the same size as 
W, and in gear with it by means of a third wheel Ws (or a chain 
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may be used instead). The forward part of this axle carries a 
eeteck bracket, A oh is supported the light source (7%). The 
counterweight Z can be adjusted on @ so that the whole system ZGW, 
can be moved about B with very little effort. It can be clamped 
at any angle which is an even multiple of 5° by means of a pin 
engaging in one of the outer ring of holes seen near the outer edge 
of the brass disc D. The pin is carried on a long rigid arm (not 
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shown) which swings from a fixed point above the apparatus. <A 
second row of holes in D enables G to be set at either of the Russell 
angles (see p. 93). The angle which M makes with the axis of W, 
(which is also the axis of the photometer bench) is normally 45°, 
but it is capable of adjustment to allow for cases in which the source 
projects unusually far in front of G. The dimensions of M must be 
sufficiently great to accommodate the largest source for which the 
apparatus is likely to be required, and it is clear that when measure- 
ments are being made no part of the effective light source, including 
any reflector or other surface contributing to the total light, may 
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Fie. 115.—Mirror Apparatus for Polar Curve Measurement. 
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be cut off by the mirror. This is tested by viewing the image of the 
source in the mirror from the position of the comparison surface in 
the photometer. For sources such as street lighting fittings or large 
semi-indirect bowls with reflectors, a mirror measuring 36 X 24 inches 
is required. 

Where sources of high candle-power have to be measured it is 
necessary to place the photometer at a considerable distance from 
the source, and on account of the large range of candle-powers met 
with in practice it is convenient to have, instead of a very long 
photometer bench, a short bench of about 2,500 mm. in length 
mounted on a table provided with small wheels which move along a_ 
track in the floor. .A pointer on the table leg, and a series of marks 
at 1 metre intervals on the floor, enable the bench to be fixed at 
any convenient position for the particular magnitude of candle-power 
being measured at any time. 

The candle-power range covered by a single lamp in different 
directions is often considerable, and in order to avoid the necessity 
for moving the table too frequently it is often convenient to clamp 
the photometer at the zero of the bench and move the comparison 
lamp. If the fixed distance of the comparison lamp, found by 
standardisation in the usual manner (see p. 166), be de, while the 
distance of the photometer from the light source vid the mirror is dz, 
then the candle-power corresponding to a position 2 of the com- 
parison lamp is (d72/p)(dc/x)? = 10-5, where p is the reflection factor 
of M (14). p may be determined most conveniently either by placing 
G in the horizontal position and using a lamp of which the horizontal 
candle-power in the direction facing the mirror is known, or by mak- 
ing a measurement of the horizontal candle-power of the source in 
the ordinary way, the azimuth being the same as that facing M when 
the distribution was determined. In either case p is equal to the 
ratio (candle-power measured vid M)/(true candle-power). 

The constant distance dp is measured by means of a steel tape 
or otherwise, as follows : one observer places his eye in the position 
of the photometer head and directs a second observer to make a 
mark on the mirror M in the position of the photometric centre of 
the lamp image which he sees. The distances from this mark to the 
centre of the photometer and to the lamp centre are added together, 
and this sum, increased by 1-5 times the thickness of the mirror glass, 
is the value of dp required (1°). For a determination of the candle- 
power distribution in a vertical plane, measurements are made with 
the mirror M at angular intervals of 10° for most sources of fairly 
uniform distribution. In some sources rapid changes of candle- 
power may take place near the axis (0° or 180°) or in the horizontal 
direction. It is then necessary to reduce the intervals between the 
readings in these regions. ; 

While measurements are being made the photometer is screened 
from the direct light from the source by means of a large black 
screen in the form of an annulus, the centre aperture In which is 
sufficiently large to avoid any interference with the light reaching 
the photometer from M. All metal and wooden parts in the 
apparatus itself must either be painted a dull black or covered with 
black cloth while measurements are in progress. 

It will have been noticed that one set of measurements only gives 
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the distribution curve in a single vertical plane. Very often this is 
sufficient to give the information required, since for many sources 
the distribution in every vertical plane may be assumed to be the 
same to the order of accuracy desired. A vacuum electric glow lamp 
may be rotated about a vertical axis so that the mean distribution 
curve may be obtained with one set of measurements, and in this 
case a small electric motor is fixed to the fitting carried on Wg, 
while the lamp is fixed in a rotator similar to one of those described 
later in this chapter (p. 202). Most sources, however, cannot be 
rotated (16), and a really accurate knowledge of the candle-power 
distribution in all directions in space can only be obtained by means 
of some eighteen sets of measurements with the source at every 10° of 
azimuth. This is the most fundamental method of obtaining the 
mean spherical candle-power (m.s.c.p.) of a source (*’). 

Methods Involving the Use of Physical Photometers or Illumination 
Photometers.—It is clear that candle-power distribution can be 
measured without mirrors by means of some form of physical 
photometer, such as the photo-electric cell (see Chapter XI., especially 
note (90), p. 339. The possibilities of this method have not yet been 
investigated thoroughly. 

For approximate work a portable illumination photometer with 
detached test plate may be used (see Chapter XI1.). The plate is 
-mounted on a light arm so that it can be moved in a circular track 
having the source as centre. The illumination of the test plate at 
any position clearly gives the corresponding candle-power of the 
source (18). When this method is used it is necessary to have the 
arm which carries the test plate of such a length that the inverse 
square law may safely be applied to calculate the candle-power of 
the source from the illumination of the plate (see pp. 102 ef seq.). 

Candle-Power Distribution ; Measurement of Unsteady Sources.— 
In the above description it has been assumed that the source remains 
constant in candle-power, to the accuracy of the experiment, during 
the whole set of measurements. In the case of some sources, such 
as the electric arc, however, this assumption cannot be made, and 
it is therefore desirable to have some means of comparing the candle- 
power in any direction with that in a fixed reference direction. In 
this way a true representation of the distribution can be obtained 
while the absolute value of 
candle - power is variable 
from minute to minute. 

One form of apparatus 
for measurement of this kind 
is shown in Fig. 116, where 
M,and M, are two exactly 
similar mirrors, movable 
along the arms A and B. 
A remains horizontal, while 
B moves round in a vertical Fia. 116.—Rousseau’s Apparatus for Measur- 

: : 2 ing Unsteady Sources, 
plane. A link motion main- ; 
tains the photometer screen P in the plane bisecting the angle 
between A and B. C is a graduated circle, behind which is placed 
the source of light at a distance which is small compared with M,P 
and M,P. Photometric balance is obtained with M, at any angle, 
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‘by moving M, along B. Thus J,/(M,P)? = Iy/(M,P)*, where I, is 
the candle-power of the source in the direction PM , and Jz is the 
horizontal candle-power at the same instant (19), 


Fleming has used the apparatus shown diagrammatically in 


Fig. 117 (9). The light from ZL in the direction @ reaches the photo- 
meter P by way of the pair of mirrors M, and M,, which can be 


moved round the axis LP, and the stationary mirror Mj. The light 
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Fie. 117.—Polar Curve Measurements on Unsteady Sources. 


M, 


from LZ in the horizontal direction reaches P by way of M,, M,; and 
M,. The mirrors are so arranged that the length of path traversed 
by the light is the same in both cases. The photometric balance 
may be obtained by means of a sector dise or variable absorbing 
filter placed in the path of one beam, or comparison may be made 
with a polarisation photometer, if the polarisation due to the 
reflections in the mirrors be destroyed. J4//7 may thus be obtained. 

Mean Candle-Power Determinations.—Where the actual distribu- 
tion of candle-power is known, or is of little importance owing to the 
use of reflecting devices, the performance of a source may be judged 
from the candle-power in a certain specified direction, or from the 
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total output of light. In the former case, either the horizontal or 
the downward vertical direction is generally chosen (#4). The fitting 
shown in Fig. 118 may be employed for the vertical (axial candle- 
power) measurement. The mirror M rotates about a line passing 
through its silvered surface, and the scales A and B are graduated 
from this line as zero, so 
that by sighting the lamp 
filament between the 
scales its exact distance 
from the mirror can be 
found. 


toca When the horizontal 
ae eles candle- power basis is 
oe Lerag adopted, the mean value 


of the luminous intensity 
in all directions lying in 
the horizontal plane is 
usually measured, rather 
than the value in a 
single direction (7*). This 
mean value, termed the 
“mean horizontal candle- 
power,” is easily found 
from the horizontal polar 
‘Tiling curve, determined by the 
Wirror point to point method 
described on p. 194 (?8). 
In the case of sources 
such as a vacuum elec- 
tric lamp, however, it 
can be more simply ob- 
tained from a_ single 
measurement made with 
the lamp rotating about 
Fra. 118.—The Measurement of Axial Candle-power. its axis sufficient] y fast to 

avoid flicker in the photo- 
meter head (74). A speed of about 120 to 180 revolutions per minute 
is usually sufficient (5). The form of rotator designed by C. C. 
Paterson, and used at the National Physical Laboratory (7°), is 
shown in section in Fig. 119. It consists essentially of two parts, 
one fixed rigidly to the stand, the other capable of rotation and 
carrying the lamp. A is an ebonite disc bearing two concentric 
copper rings, which are respectively connected to the terminals 7’, 7. 
From these terminals flexible leads are conveyed inside the vertical 
tube B to the lamp holder. Rigidly attached to this tube is a solid 
brass dise D, which is friction-driven by a small wheel driven through 
a shaft and pulley system from a small electric motor. C is a second 
circular ebonite block bearing two annular grooves concentric with 
the copper rings of A, and half filled with mercury, so that these 
rings can rotate freely with about } inch of their lower edges dipping 
into the mercury. The mercury in these two grooves is connected 
to four terminals 8, S, to which are attached the current supply 
leads and voltage measuring leads from the bench. With this 
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apparatus, if the mercury troughs and copper rings be kept scrupu- 
lously clean, there is generally no difficulty in maintaining the 
current through the lamp ; 
perfectly steady, always 
a somewhat difficult prob- 
lem when measurements 
have to be made through 
moving contacts.* If the 
efficiency of the contacts 
be suspected, the values of 
current and potential ob- 
tained with the lamp in 
the rotator are compared 
with those found when 
the lamp is in a standard 
socket (see p. 438). Differ- 
ences between the values 
obtained with the lamp 
rotating and the lamp 
stationary are sometimes 
found to be due to imper- 
fections in the internal 
construction of the lamp, Fic. 119.—The Paterson Lamp Rotator. 
such as a very slight 
looseness of contact at the pinch where the filament is joined to 
the leading-in wire. It is clear that, instead of rotating the lamp, 
it is possible to use a 
pair of mirrors ar- 
ranged as in Fig. 120, 
and rotated about 
the lamp axis (27). 
rt ie a es This method avoids 
any difficulties due to 
moving contacts or to 
distortion of the fila- 


Ohaque ment by centrifugal 
1) Sereen force (28), but the 
source is not measured 
in its normal burning 
position. 

Total Flux 
eat Measurement. — T he 
modern development 
of light sources in 
which the distribu- 
tion of candle-power 
conforms to no _ par- 
ticular standard, and 
the increasing use of reflectors and other auxiliary devices to 
modify the distribution of the light as emitted by the actual 


Mirror 


Fig. 120.—The Measurement of Mean Horizontal 
Candle-power. 


* Although the description given above applies to a rotator designed for the measure- 
ment of lamps in the pendent position, it is clear that an exactly similar instrument may 
be used for lamps measured in the upright position. 
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source, have led to the increasing disuse of the mean horizontal 
candle-power as a basis for the rating of illuminants. Instead, 
it is now becoming customary to rate all sources in terms of 
their total output of Iuminous flux or, what comes to the same 
thing, the average value of the candle-power when measured in all 
directions in space (2%), for (see p. 87) this average candle-power, 
often called the “‘ mean spherical candle-power,’’ is numerically equal 
to the total flux from the source (expressed in lumens) divided by 47. 
This is, moreover, the only possible basis for rating very unsym- 
metrical sources (2°). For certain special purposes the average value 
of the candle-power in the upper or lower hemisphere, or within a 
specified zonal region, may be required. It has been shown in 
Chapter IV. (p. 91) how this information can be obtained from the 
polar curve of light distribution in a vertical plane, assuming the 
distribution to be the same in every such plane (#*). 

In cases where the light source can be rotated this assumption 
as to symmetry of distribution about the axis need not be made, 
for, by the use of apparatus in which a rotating device is mounted 
on a tilting framework of the 
kind illustrated in Fig. 111, the 
mean polar curve can be ob- 
Mirror tained from a single set of 

measurements covering 180° 
only (37). Alternatively, the ro- 
Qnaque tating device may be mounted 
Seren with its axis horizontal, and this 
axis may then be moved in the 
horizontal plane (°°). In either 
case it is desirable that the part 
-------- of the rotating device which is 
Murror actually fixed to the axial rod 
bearing the lamp shall be as 
small as possible, so as not to 
Scag epee obscure light from the lamp in 
nearly axial (cap end) direc- 
tions. Ideally the pulley, eéc., 
Rotator used for the purpose should not 
ete sony be larger than the lamp cap. 
Sharp has described (84) a form 
of apparatus in which the lamp 
is rotated about a vertical axis, 
tele a and is measured by means of a 
double three-mirror system car- 
ried on a light framework which 
Fia. 121.—The Measurement of Mean is movable about the horizontal 
Spherical Candle-power (point-to-point @X1S (I Ig. 121). 
method). Lumenmeters.—It has 
already been pointed out that 
rotation of the source can only be done with safety in the case of 
afew sources of light, and even then the accurate determination 
of a polar curve necessitates at least twenty measurements. It 
is not surprising, therefore, that repeated attempts have been 
made to devise a means for finding the mean spherical candle- 
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power of a source by a single measurement, or even a small number 
of measurements. 

»” “The first apparatus of this kind was the lumenmeter (35), shown 
in plan in Fig. 122. The source 8 was placed at the centre of a 
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Fic. 122.—Blondel’s Lumenmeter. 


spherical blackened globe G, G. This globe had cut out of it two 
lunar apertures L, L, and the light from S passed through these 
and was reflected from an ellipsoidal mirror H to a sheet of trans- 
lucent material A placed at or near its second focus (S being at 
one focus of #). The light transmitted through A was diffused, and 
illuminated the photometer. In a modification of this instrument 
E was replaced by an annular diffusing ring, and A was removed. If 
the angular openings of the sphere were 18°, the mean of the readings 
obtained with the lamp in ten positions 18° apart gave the mean 
spherical candle-power, supposing the apparatus to have been 
calibrated by means of a source of known m.s.c.p. 

Other apparatus used extensively before the advent of the 
integrating sphere depended on the use of a large number of mirrors 
placed round the source, so that the beams of light emitted from ‘t 
in various directions were all reflected to a single photometer surface. 
Of this kind were the mesophotometer (#°) and the instruments of 
Matthews, Dyke, Léonard, and others (°”). 

The Integrating Sphere.—The apparatus most commonly used at 
the present time for the measurement of mean spherical candle- 
power depends on a principle first enunciated by Sumpner in 1892 
in connection with work on the reflection factors of various 
surfaces (38). He showed that, if a source of light were placed inside 
a hollow sphere coated internally with a perfectly diffusing material, 
the brightness of any part of the surface due to light reflected from 
the remainder of the sphere was the same, and was proportional to 
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the total flux emitted by the source. It has been mentioned already 
(see p. 104) that the flux received per unit area by one part of the 
surface of a sphere from a given area of any other part which has a 
given brightness is the same, whatever be the relative positions of 
the two parts on the sphere. Thus the flux reflected from each part 
of the spherical surface is equally distributed over the other parts, 
and, conversely, the flux received at each part of the surface by 
reflection from the remainder is everywhere the same and bears a 
fixed relation to the total flux received by the whole sphere. The 
theoretical expression for this relation in terms of the reflection factor 
of the spherical surface is very easily obtained ; for if the brightness 
of any portion of the sphere surface be B, and the reflection factor, 
assumed uniform over the whole surface, be p, the flux received at 
any element of area Ss of the sphere due to a first reflection from 


the remainder of the sphere is equal to (3s/4r2)| Bas, the summation 


being made over the whole surface of the sphere. Now the bright- 
ness B of any area is equal to the flux reaching that area multiplied 
by p and divided by 7, so that, if the total flux given by the source 


be F, [Bas = pF'/7, and hence the flux received by 6s = pF6s/4zr? 


or pF'/4nr? per unit area. Thus the brightness of any part of the 
surface due to the direct light and light which has suffered one 
reflection is B + p2F/47*r?. The flux reaching 5s by the first and 


second reflections is, therefore, (8s/4r2)|(B + p?F/47°r*)ds, which 


is equal to pésF'/47r? + p*d5sF'/4rr?, so that the flux received per unit 
area by one and two reflections is (F'/47r*)(p + p*). Similarly, it 
may be shown that the flux received per unit area due to any number 
of reflections is (F/4ar?){p + p2 + p+ .. . to infinity \ so that 
the total flux received per unit area by reflection is Fp/4zr?(1 — p), 
which, since ’/47 is the mean spherical candle-power J,, is equal 
to I,p/r?(1 — p), t.e., the illumination of the sphere by reflected 
light is equal to the average illumination by direct light multiplied 
by the factor p/(1 — p), which for p = 0-8 becomes equal to 4 (°°). 

It will be seen that this expression for the reflected flux is 
independent of the position of the source and of the distribution of 
the light from it, and this fact is the theoretical basis underlying the 
use of the integrating sphere, for it follows that a measurement of 
the illumination due to reflected light of any part of the sphere wall 
gives at once a measure of the total flux from the source, irrespective 
of its distribution. The proposal to use the sphere in this way as 
a photometer was first made by Ulbricht in 1900 (4°), and much 
work, both practical and theoretical, has been devoted to the problem 
since that time (4). 

Practical considerations make it impossible to use the expression 
found above for the relation between the total flux emitted by a 
source inside a sphere and the illumination of the sphere surface 
due to reflected light. In the first place, it is supposed not only 
that p is constant for the whole surface of the sphere, but also that 
this surface is perfectly diffusing. Further, it is assumed in the 
above theoretical treatment that the sphere is perfectly empty, so 
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that the reflected flux is entirely undisturbed by the presence of 
objects within the sphere. Clearly, the very presence of a light 
‘source of finite dimensions is a violation of this condition, while the 
necessary provision of an aperture or window in the sphere wall for 
the purpose of measuring the illumination due to reflected flux, and 
the introduction of a dise to prevent direct light from the source 
from being included in this measurement, are further departures 
from the ideal conditions. 

All these elements of uncertainty naturally put absolute measure- 
ments of mean spherical candle-power by means of the sphere quite 
out of the question, but they do not prevent its use for finding the 
relative candle-powers of two sources if suitable precautions be 
taken. This, after all, is the sole function of any photometric 
apparatus used for making measurements by the substitution method, 
and it does not, therefore, imply any important restriction of the 
usefulness of the integrating sphere. The precautions to be taken 
arise from the necessity for ensuring that the departures from theory 
above mentioned affect equally the measurements on the two sources 


(c) (b) 
Fig. 123.—Methods of using the Sphere. 
(a) The Substitution Method. (b) The Simultaneous Method. 


to be compared. These precautions will be dealt with in some detail 
in later sections of this chapter, but first it will be convenient to 
give a brief account of the two methods of using the sphere most 
commonly adopted. 

The Substitution Method.—In the simpler of these, which may be 
called the true “ substitution’? method, a sub-standard lamp of 
known mean spherical candle-power is placed in the sphere, and the 
reflected flux incident at some part of the sphere wall is measured, 
This measurement may be made with some form of illumination 
photometer sighted through an aperture in the sphere wall at the 
opposite surface. The more usual method, however, is to measure 
the brightness of the outer surface of a small translucent diffusing 
window (W, Fig. 123) provided at some point in the sphere wall, 
this brightness being assumed proportional to the reflected flux 
received by the inner surface of the window. The test lamp is then 
substituted for the sub-standard and the measurements are repeated. 
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If Bs and B, be respectively the values of brightness found in the 
two cases, the candle-power of the test lamp J7 = J3(By/Bs). 

As will be shown later, the best position for the source in making 
measurements by this method is the centre of the sphere (see p. 216). 
Direct light from the source must he prevented from reaching the 
window (or the area viewed by the illumination photometer), since 
only the reflected flux is to be measured. Between the source L 
and the window W, therefore, is placed a screen S in the form of a 
disc, just large enough to prevent the window from receiving any 
but reflected light. The best position for the screen will be discussed 
later (see p. 213). 

The Simultaneous Method.—In the other method of using the 
sphere, termed for convenience the “ simultaneous ** method, both 
sub-standard and test lamp are in the sphere throughout the measure- 
ments, as shown diagrammatically in Fig. 123, (b). Bs is first 
measured with only Ls alight ; Ls is then extinguished and Br is 
measured with only Dr alight. As before, [7 = Is(Br/Bs). This 
method is generally used in the measurement of are lamps or other 
sources which necessitate the presence of auxiliary apparatus of 
considerable bulk in the sphere. The disturbance of the reflected 
flux distribution by this apparatus is then approximately the same 
for the measurements of both Bsand Br. The extent of this disturb- 
ance may be reduced considerably by whitening the external surface 
of the apparatus, either by painting it with a white paint or by 
covering it with a white material.* Two screens, S and S’, are 
required for shielding the window from direct illumination by Lr 
and Ls, and a third screen S, is needed between the sub-standard 
and the test lamp in order to prevent direct light from Ls from 
reaching any part of Ls. + This screen generally takes the form 
of a small cap on the sub-standard lamp, the mean spherical candle- 
power of which is determined with the cap in position. 

It is desirable that the positions of the two lamps Ly and Ls 
should be as nearly as possible symmetrical with respect to the 
sphere window, but they should not be too close together, or the 
size of S, will be such as to produce an excessive distortion of the 
light distribution from the sub-standard. Further, as will be shown 
later, the lamps should not be too close to the surface of the sphere 
(see p. 216), so that the best compromise is, generally, to place each 
about midway between the centre of the sphere and its surface. 

Sphere Details.—Krom the above general description of the theory 
and practical application of the sphere it will be clear that in the 
design and use of: any particular instrument of this nature very 
careful consideration must be given to (a) the nature and size of 
the window, (b) the size and position of the screen or screens, 
(c) the effect of objects within the sphere (including the source 
itself) and their position, and (d) the nature of the paint used for 
coating the interior surface. These details will, therefore, be con- 


* Care must be taken to ensure that the distribution of the flux directly emitted 
by the lamp is not affected by this whitening, which should, therefore, be confined to 
surfaces which receive no direct light from the actual luminous source under normal 
working conditions. 

} This precaution is necessary, for otherwise the opaque parts of Lp would absorb 
direct light from Ly as well as light reflected by the walls of the sphere. It is this latter 
sbsorption only that takes place when D7 is alight. 
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sidered one by one, and the application of the conclusions arrived _ 
at will then be shown by reference to spheres used in current photo- 
metric practice. 

The Sphere Window.—It was mentioned above that in most 
spheres the measurement of the illumination of the inner surface 
due to reflected flux is effected by measuring the brightness of the 
external surface of a translucent window provided in the wall of 
the sphere. The alternative method, viz., that of measuring the 
illumination directly by means of a brightness photometer sighted, 
through an aperture in the sphere wall, towards a portion of the 
surface opposite, has not generally been used. There seems to be. 
no reason why this more direct method of measurement should not 
be adopted instead of that involving the interposition of a window, 
provided that a satisfactory photometer with a field not exceeding 
2° to 3° in diameter is available for the work, and the inside surface 
of the sphere is sufficiently matt. 

Meanwhile the window method is that most generally used, the 
normal brightness of the window being obtained, usually, in one of 
two ways. In many cases it is convenient to regard the window as 
a luminous source and to measure its candle-power in the direction 
of the normal by means of a bench, photometer head, and com- 
parison lamp, as described in the last chapter (pp. 165-168). 
Alternatively, the brightness of the window may be measured by 
making it one of the comparison surfaces in a photometer head of 
special design, the other comparison surface being illuminated by 
a movable comparison lamp. Such special photometer heads are 
shown diagrammatically in Figs. 124 (a) and (6). The ordinary 
Lummer-Brodhun head may be adapted for this work by inserting 
a thin sheet of silvered glass in front of the plaster surface, as 
shown in Fig. 124 (c). 

The former of the two alternative methods just described, viz., 
that of candle-power measurement, can only be adopted when the 
brightness of the window is high. For, while the candle-power of 
the window is proportional to the product of its brightness and its 
area, the latter is severely limited by the fact that the screen between 
the window and the source, which must be at least as large as the 
window in the case of most light sources, has to be reduced as much 
as possible (see p. 213). Generally it may be assumed that the 
diameter of the window should not exceed one-tenth of the sphere 
diameter, and should, if possible, be less than this. Assuming this 
as an upper limit, the minimum candle-power which can be measured 
by this method in a sphere of given size can readily be calculated. 

It has been shown that the illumination of the inner surface of 
the window due to reflected light is I,/R(1— p), where I, is the 
mean spherical candle-power of the source and F is the radius of 
the sphere. If 7 be the transmission factor of the window its bright- 
ness is, therefore, J pr/7R?(1 — p), so that if its radius be r its candle- 
power in the direction of its normal is J,p7r?/R*(1 — p). Ti p08) 
7— 0:3, R=50 cm. and r=5 cm., this expression becomes 
(0-012)7,. Since the inverse square law cannot be assumed to hold 
to an accuracy better than 0-3 per cent. when the distance between 
the window and photometer is less than 20 r, it follows that, assuming 


an illumination of 10 metre-candles is required at the photometer 
5 
P. 


screen, the candle-power of the window cannot be found by the 
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ordinary bench method of moving the photometer head and com- 
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parison lamp together unless 7, exceeds 4,000 R2(1 — p)/pr, t.€., about 
830 candles in the case considered above. 

The above example shows that it is generally impossible to use a 
variable distance between the sphere window and the photometer 
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head. For all sources, except those of very high candle-power, the 
photometer head is fixed at some convenient distance from the 
_ window, and the photometric balance is obtained by moving the 

comparison lamp, <A distance of from 10 to 30 cm. is often con- 
venient, although this naturally depends on the brightness and size 
of the window and on the illumination desired at the photometer 
screen. Departures from the inverse square law due to the size of 
the window are quite immaterial so long as the distance from window 
to photometer head remains unaltered between the measurement 
of the sub-standard and the test lamp. 

In the case of lamps of low candle-power it is better to abandon- 
altogether any attempt at measuring the candle-power of the 
window and, instead, to use the window surface itself as one of the 
comparison surfaces in the photometer (see Fig. 124, (a) to (c) ). 

Whichever method be employed for measuring the brightness 
of the sphere window, it is convenient to have an iris diaphragm 
close to the outer surface, so that the effective area may be reduced 
when sources of large candle-power are being measured. When the 
candle-power of the window is measured directly, it is necessary to 
keep the aperture of the diaphragm constant between the test lamp 
measurement and the standardisation. If the photometer head be 
not fixed in position, it must be remembered (a) that the distance 
to be used for calculation by the inverse square law is that between 
the photometer head and the diaphragm (see p. 108) (42), and (b) that 
with very short distances, departures from the inverse square law 
may be introduced not only on account of the size of the window, 
but also due to the possible effect of light returned by the photometer 
screen to the window, and thence reflected back to the photometer 
(see p. 104). It is clear that a diaphragm cannot be employed in 
this way when the window forms part of the photometer head. In 
this case it is often found convenient to use two widely separated 
diffusers with an iris close to that one which forms part of the sphere 
surface (see Fig. 125). The brightness of W, is then 
approximately proportional to the aperture of D. A 
more satisfactory arrangement is that in which W, 
is a window in a small auxiliary white sphere with 
an opening in the plane of D. The brightness of 


W, is then approximately proportional to the flux D 
admitted into this sphere, 7.e., to the area of the ry i 
opening in D. / 2 


In all cases it is desirable that the window should 
be readily removable from the sphere so that it can 
be cleaned effectively, and so that the sphere wall 
can be repainted without damage to the window 
surface. Some form of shallow cylindrical frame- 
work is generally used to carry the window. This fits fq. 125.—The 


into a-circular aperture in the sphere wall, and a ee Win- 

j 1 | | dow ran 
register is provided to ensure that, when the window eee 
is replaced, its surface is exactly flush with the inner Sphere. 


surface of the sphere. The inside of the cylinder 
should be painted a matt black or covered with black velvet to 
avoid reflection of light from the window towards the photometer. 
The choice of a suitable material for the window presents some 
P 2 
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difficulty. Since the function of the window is to enable the total 
flux received by its inner surface to be deduced from a measurement 
of the brightness of its outer face, it is clearly necessary that these 
two quantities shall bear a constant ratio to each other, no matter 

‘what the angle of incidence of the flux at the inner surface, 7.e., the 
window must give as close an approximation as possible to perfectly 
diffuse transmission.* This condition is very difficult to satisfy 
without reducing the transmission factor to an inconveniently small 
figure. Opal glass depolished on the inner surface is often used, 
while two pieces of glass ground on their adjacent surfaces and on 
the surface forming the inner face of the window have also been 
employed (48). In any case the inner surface of the window should 


Window 


Invisible 
from Window 


(a) (4) 


Fig. 126.—The Effect of Displacement of the Sphere Window. 


be matt, and it should be absolutely flush with the inner surface of 
the sphere, otherwise part of the incident flux will fail to reach the 
window (see Fig. 126, (a) and (b) ). The edges of the glass or other 
translucent material forming the window should be painted white 
so that as little light as possible is lost by diffusion from them. 

The material used should be one that can readily be cleaned. 
Further, it must not alter the colour of the light transmitted through 
it, and it must therefore be as non-selective as possible. Opal glass 
usually shows a selective absorption at the blue end of the spectrum, 
If this material be used, it follows that the thickness should be the 
minimum consistent with adequate diffusion of the transmitted 
light. It has been found that a thickness of less than 1 mm. is 
generally sufficient (4), or a flashed opal may be used. If ground 
glass be employed, the kind of glass selected should be as colourless 
as possible. A slight tinge of green may be corrected by placing an 


* Since the window is generally viewed in a constant direction it is more important 
that the brightness in a fixed direction should be independent of the direction of the 
incident flux than that it should be the same at all angles of view (55). 
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equal thickness of clear glass of the same kind on the comparison 
lamp side of the photometer. In any case this artifice may be 
employed for the purpose of avoiding the introduction of a colour 
difference in the,photometer head due to slightly selective trans- 
mission of the window. 

The Screen.—It has already been pointed out (see p. 208) that 
one or more screens have to be placed in the sphere in order to shield 
the window (or area whose brightness is to be measured) from direct 
illumination by the source. The size and position of the screens 
naturally affect the distribution of the flux within the sphere, and 
therefore exert a noticeable effect on the performance of the sphere _ 
as an integrator. It will be clear from Fig. 127 that the first reflected 
light cannot reach the 
window from the zones 
ac and bd; in the 
latter case because no 
direct light reaches this 
part of the sphere, in 
the former because the 
screen shields this por- 
tion of the sphere wall 
from the window. The 
influence of this on the 
window illumination 
can readily be calcu- 
lated as follows (4°) :— 

The average illumi- 
nation of the sphere 
wall by both direct and 
reflected light H = Fic. 127.—The Effect of the Screen within the Sphere. 
Ea/(1 — p), where Ka 
is the average value of the direct component. Hence H = Hy, + pH, 
which shows that the reflected component is pH. By multiplying both 
sides of this equation by p the value of this component is found to be 
pHa + pH, so that this expression represents the theoretical illumina- 
tion of the window. If d represent the fraction of the total flux from the 
source which falls upon the screened areas, the actual illumination of 
the window is H’ = (1 — 8)pH#4-+ p?H, if the absorption by the screens 
of the flux in the second and subsequent reflections may be neglected. 
It follows that the departure from the theoretical value is H’/pH = 
(1— 5)(1— p) + , or HE’ = pH {1— 3(1—p)}. If #, and H,’ 
be the theoretical and actual values of window illumination in 
the case of a sub-standard lamp for which the screened flux 
tt Op ll, eee pl {] = §,(1 — p)}. The error introduced into a 
measurement by comparison with a sub-standard is therefore 
(E’/E,') (E,/Z) — 1 = (8; — 8)(1 — p) approx. This is zero when 

= 6,. If the substitution method be used the screened areas 
are equal for both lamps, a, say, and 6 and 5, are then respectively 
equal to a@ and aé,, where @ represents the ratio of the average 
illumination over the screened area to the average illumination over 
the whole sphere. It should be noticed that the error diminishes 
as p increases (as might be expected @ priori), so that the paint 
used for the sphere should have a high reflection factor (see p. 217). 
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So long as the test lamp and the sub-standard give approximately 
the same distribution of light (§ — 8,) is very small. For all other 
cases, however, it is clearly desirable to reduce both 6 and 5; as 
much as possible. This can only be done by reducing the size of the 
screen and adjusting its position in relation to the lamp and the 
window. The minimum size of screen which can be used is fixed 
by the sizes of the source and of the window. The latter must be 
completely shielded from all direct light, not only from the filament, 
are crater, etc., but also from every part of the lamp structure which 
is to be regarded as contributing anything towards the flux emitted 
in the direction of the window. For example, in the case of an 
incandescent lamp with a shallow translucent shade over it, not only 
the lamp filament, but also the whole of the shade, should be invisible 
from any point of the sphere window. 

When the light source is at the centre of the sphere, it has been 
calculated (46) that the minimum value of the screened area is 
obtained if the screen be placed at a distance from the lamp of from 
0-3 to 0-4 times the sphere radius (47). If the screen diameter does 
not exceed one-sixth of the sphere diameter a = 0-12, and the 
error is therefore equal to 0-024 (6 — @,), if p= 0-8. Hence if an 
accuracy of 1 per cent. be aimed at, (@ — @,) must not exceed 0-4, 
and as the value of 0, is generally known, the limits between which 
6 must lie are readily ascertainable. An approximate idea of the 
value of 6 may be obtained from the “ spherical reduction factor ” 
of the source under consideration, if this be known (see p. 88). In 
other cases the candle-power may be measured in the two horizontal 
directions concerned, and for all sources but those of exceptional 
distribution the ratio of the mean of these two values to the m.s.¢.p. 
as measured in the sphere will give a good approximation to the 
value of 0. If the sub-standard be a vacuum electric incandescent 
lamp (squirrel-cage filament), 6 = 0-78 (48), so that the limits of @ 
are then 0-4 and 1-2. 

When both test lamp and sub-standard are in the sphere together, 
it will be clear from Fig. 123 that the areas screened by S and S’ 
are different in area and differently placed, according as Ly or Ls 
is alight. For accurate compensation it is necessary that the fraction 
of the direct flux from I which reaches the areas shaded by S and 
S‘-when that lamp is alight should be the same as the fraction of 
the direct flux from Zs which reaches the areas shaded by these 
screens when Lg is alight. Compensation of this kind is difficult 
to arrange, and all that can generally be done is to have the screens 
as small as is compatible with efficient shielding of the window, and 
to place them at distances from the lamps equal to between 0-3d 
and 0-4d, where d is the distance between the lamp and the 
window (4°). 

The use of translucent screens has been recommended in order to 
compensate for the error due to shading by the addition of a certain 
amount of transmitted light (°°). Although very good compensation 
may be achieved, for a given arrangement of source and screen, by 
suitably adjusting the transmission factor of the latter, the method 
may lead to results which are in considerable error if the distance 
between source and screen, or the light distribution of the source, 
be materially altered from the standard arrangement (54), A 
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reflecting screen with foliated black patches has also been devised 
with the object of producing compensation (52). There is but little 
advantage to be gained by the use of such devices, for the conditions 
which it has been shown to be necessary to fulfil when using an 
opaque screen are readily complied with in all cases likely to be met 
with in practice. 

Effect of Objects within the Sphere.—It is clear that any object 
placed within the sphere will not only disturb the distribution of 
the reflected flux, but it will also reduce the amount of this flux if 
it receive direct light from the source. It will be convenient to deal 
with these two effects separately. 

If A be the superficial area of the object (58) relative to that of 
the sphere it can be shown that, if the object receive no direct light from 
the source, the average illumination of the sphere wall due to reflected 
light is reduced in the ratio 1: 1+ {«’A/a(1 — «’A)}, where « and 
a’ are the absorption factors of the sphere wall and of the object 
respectively. For the total flux F from the source is equal to 47R2E p, 
where Lp is the average direct illumination of the sphere wall. F is 
also equal to the total flux absorbed by the sphere and the object. 
Hence, if Hp be the value of the illumination by reflected light 
when the sphere is empty, F = 47R?aHp + 47R?aHp. When the 
object is in the sphere, however, the flux absorbed by it is equal to 
the total reflected flux, 47R?p(Hp + Ep’), multiplied by «'A, so that 


F = 47Ralp + 40 R2aHy + a’A . 4nRX1 — «)(Bp + Ep). 


From these equations it follows (54) that 


Bplbg = 1 4240 Alo(l— «’A)) ee) Se 
If «’ = «, the percentage reduction becomes approximately 100A 
so long as «and A are both small. If, however, «’ = 1, the percentage 


reduction is approximately 100A/«. 

If, now, the object receives direct light from the source it is clear 
that the amount of flux lost due to absorption by the object is «’la, 
where w is the solid angle subtended by the object at the source, and 
I is the candle-power of the source in the direction of the object. 
There is thus a further reduction of the illumination of the sphere 
walls in the ratio (47J, — «’wl) : 4nI,, 1.e., in the ratio 


{1 =o all[dal bale See eee) 


The above expressions (i.) and (ii.) give an indication of the 
probable magnitude of the effect produced by any given object in 
a sphere photometer. With regard to expression (i.) it must be 
remembered that, since the distribution of the reflected light is 
disturbed by the presence of the object, it can no longer be assumed 
that the illumination of the sphere walls due to reflected light is 
everywhere the same. The above expressions only indicate the 
average reduction in illumination. The amount of the reduction at 
any particular region of the sphere due to a specific object must 
depend upon the proximity of that object to the region in question, 
For example, it has been found that with a disc of area A (t.e., super- 
ficial area 2A) relative to the area of the sphere the percentage 
reduction of the illumination of the sphere window is about 104 
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in the case of black discs, and about 3A in the case of white dises 
(«’ = a), when the source is in the centre of the sphere and the dise 
is approximately half way between the source and the window (°°). 
These figures serve to confirm the theoretical formulz deduced above 
if it be assumed that « = 0-2, and that J ~ J,. It follows from 
these results that objects within the sphere should be painted a dead 
white in order to reduce as much as possible their effect on the 
illumination of the sphere wall by reflected light. 

It must not be forgotten that the lamp itself, particularly if it 
include reflectors or other opaque parts, must be regarded as disturb- 
ing the reflected flux, and therefore altering the illumination of the 
window (°6). Those parts which do not receive direct light from 
the actual luminous source (see footnote, p. 208) should therefore be 
whitened, and, further, the correction calculated from the formula 
given above should be made except when a sub-standard of exactly 
the same type as the test lamp (7.e., having similar shades, opaque 
parts, etc.) is available, so that all necessity for correction is avoided 
owing to exact equality of the disturbing effect in the case of both 
test lamp and sub-standard. Generally no such sub-standard is 
available, and the correction must be made. From the nature of 
the case, however, the amount of this correction is difficult to estimate 
with accuracy, and it has therefore been recommended that in cases 
where the correction is found to be large the simultaneous method 
of measurement should be used.* By this method sources may 
be measured for which the area of the opaque surfaces does not 
exceed one-fortieth of the area of the sphere. 

Even a simple electric incandescent lamp without shade or 
reflector may cause appreciable absorption of light if the bulb be 
noticeably blackened (°’). For example, if such a lamp have an 
absorption factor in the single glass thickness (excluding surface 
reflection losses) of 10 per cent., it follows from the formula given on 
p. 215 that the change produced in the illumination of the window 
is 1 per cent. if the bulb be spherical and of radius one-tenth that 
of the sphere, the absorption factor of the sphere surface being taken 
as 0-2. If such a lamp be compared with a sub-standard in which 
the blackening of the bulb is negligible, an error of 1 per cent. will be 
introduced into the measurements. 

As mentioned above, the uniformity of the (reflected) flux 
distribution over the surface of the sphere, postulated in the simple 
theory, is disturbed by the presence of an absorbing object, and this 
disturbance is greater the nearer the object is placed to the surface 
of the sphere. It follows that the source to be tested and its auxiliary 
apparatus should be placed as near the centre of the sphere as may 
be possible having regard to other considerations (58). 

Paint for Integrating Spheres.—It will be evident from the fore- 
going paragraphs that a satisfactory paint for integrating spheres 
should fulfil, as far as possible, the following conditions : 

(a) It should have a matt surface when dry (59). 

(b) It should be quite non-selective, so that the repeated reflec. 


* Tf all the surfaces in question are white, or can be whitened, the correction to be 
made is approximately equal to the ratio of the area of these surfaces to the area of the 
sphere. So long as this ratio does not exceed 1 per cent. the substitution method may 
quite safely be employed. : 
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tions within the sphere do not appreciably alter the colour of the 
light (®°), 

(c) It should have a very high reflection factor in order to reduce 
the effect of the.screens and other objects within the sphere (see 


. p. 213). A high reflection factor also assists in the diffusion of the 


flux within the sphere, and so helps to compensate for imperfect 
fulfilment of condition (a) (1). 

(d) It should be easy to apply, tenacious, and permanent, 
particularly as regards freedom from colour change with lapse of 
time. 

Of these four requireménts, the second and third are the most 
important. So far no paint which fulfils the other three conditions — 
sufficiently for practical purposes has been found to be absolutely 
non-selective. Many different paints have been used by various 
workers, ¢.g., Keene’s cement (*), magnesium oxide, baryta with 
“zapon”’ lacquer (*), and zine white with various binding 
materials (®). 

Two formule have been proposed as the result of careful investi- 
gation of the matter. The first of these was put forward by the 
Verband Deutscher Elektrotechniker (°°). It consists of (a) a single 
coating of a “ body” paint made of lead white or baryta ground 
into a varnish composed of equal parts by weight of copal and 
turpentine, and (6) three coats of cover paint, made up as follows : 
100 parts of zinc white are mixed with 8 parts of water, and 100 parts 
of the resulting water paint are then thoroughly mixed with 6 parts 
of a water glue consisting of 100 parts of fresh colourless cabinet- 
maker’s glue dissolved in 500 parts of water. 

The paint used at the Bureau of Standards (®*) is a zinc-oxide 
paint prepared by slowly adding 4 parts by weight of ZnO to a 
mixture of 1 part alcohol and 4 parts of a special cellulose lacquer. 
The mixture must be constantly stirred as the zinc oxide is added, 
and the stirring must be continued for an hour or more until a smooth 
thick paste is obtained. This paste is thinned for use by slowly 
adding to it a mixture of about 2 parts alcohol and 1 or 2 parts of 
water-white turpentine. The paint as used is thinner than an 
ordinary oil paint. It dries very quickly and must be brushed out 
as applied. Contact with water must be avoided, as water coagulates 
the paint. The drying should not be hastened by artificial means. 
About three hours should be allowed between the first two coats, 
and six or seven hours between coats after the second. The special 
cellulose lacquer is made by dissolving 15 parts by weight of camphor 
in 100 parts of alcohol and then adding 10 parts of colourless celluloid 
in small pieces, stirring constantly all the time until the celluloid is 
completely dissolved. This may take about ten or twelve hours. 

The above formule for the preparation of the paint have been 
given in some detail, as it is necessary to renew the surface of a sphere 
quite frequently. The V.D.E. (®’) recommends that repainting 
be done at least once a year, the surface paint being washed off with 
water, leaving the body paint untouched. The period which is 
allowed to elapse between repainting must necessarily depend on 
the amount of use made of the sphere and the nature of the sources 
measured in it. Flame sources and arcs, which produce a very 
marked upward current of heated air, soon cause a noticeable blacken- 
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ing of the top of the sphere. The fact that this blackening is more 
or less localised makes it far more important than a general uniform 
darkening of the whole surface of the sphere ; for if one portion of 
the sphere surface have a lower reflection factor than the remainder, 
the flux reaching that portion will receive less than its proper weight 
in the estimation of the total flux. Hence, if the light distribution 
of the two sources compared be not exactly the same, an error will 
be introduced into the measurements (°°). 

The extent to which any paint is selective as regards colour may 
be tested quite simply on the photometric bench (**). Two lamps, 
adjusted to colour match, are placed so that one of them illuminates 
one side of the photometer directly, while the other illuminates a 
flat surface coated with the paint under examination. The light 
reflected from this surface illuminates the other side of the photo- 
meter, and the difference in colour introduced by the paint is seen as 
soon as adjustment to equality of brightness has been made. 

Tf the spectral distribution of the light given by the test lamp be 
the same as that of the light from the sub-standard, selective reflec- 
tion by the sphere surface is unimportant, but in all other cases 
an error is introduced of a magnitude which depends on the difference 
between the colours of the lights to be compared. The amount of 
the error committed in comparing two sources giving respectively 
lights which match a black body at two different temperatures may 
be determined by means of an electric incandescent lamp. The 
candle-power of the lamp is measured in any convenient single 
direction at two different efficiencies, viz. the efficiencies at which 
it gives lights of the colours in question. The mean spherical candle- 
power is then measured at the same two efficiencies and, since it may 
be assumed that the ratio of the mean spherical to the fixed direction 
candle-power is unchanged by the change in efficiency, it follows 
that the difference between the ratio of the mean spherical candle- 
powers and the ratio of the single-direction candle-powers is the 
error due to the selective absorption of the sphere surface. This is 
clearly equal to the error which would be made in comparing two 
lamps giving respectively lights matching in colour the light given 
by the electric lamp operating at the two efficiencies used in the 
experiment. 

If it can be assumed that, to the order of accuracy necessary in 
the case of a correction factor, the colour of the sphere surface is 
continuous throughout the spectrum, 7.e., that its only effect is to 
alter the colour temperature of the light it reflects, then all necessity 
for correction may be removed very simply by placing over the sphere 
window a colour filter (e.g., a Wratten photometric filter) which is 
just sufficient to neutralise the colour of the sphere surface. In 
general it will be found that No. 78 C (see p. 243) is suitable, since 
the coloration is generally in the direction of a lower colour tempera- 
ture. A lamp, previously colour-matched with the comparison lamp 
on the photometer bench in the ordinary way, is placed inside the 
sphere, and the colour filter is moved across the sphere window until 
a colour match is obtained in the photometer head. The arrange- 
ment of window, filter and photometer head is then left undisturbed 
and photometric measurements are made as if the sphere surface 
were perfectly non-selective (7°), 
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Laboratory Spheres.—It will be seen from the foregoing para- 
graphs that the requirements which should be met in a satisfactory 
sphere are very exacting, and, as is so often the case, they are to a 
certain extent incompatible with ease of construction and con- 
venience in use. It follows that the exact form of construction 
adopted for a sphere must depend on its size and the nature of the 
work for which it is intended (71). Spheres more than 1 metre in 
diameter are frequently made to divide into two parts along a 
meridian, the halves being mounted on rollers so that they can be 
readily separated for repainting (72). The lamps may be introduced 
into the sphere through an opening at the top, or a door of segmental 
form may be provided at the side. The 88-inch sphere at the Bureau 
of Standards is not divided, but is built up on a steel network with 
reinforced concrete, finished off inside to a truly spherical surface (73). 
At the top is a large circular hole, 23 inches in diameter, covered with 
a flat wooden disc which can be lowered from above in annular 
sections, so that a lamp can be lowered into the sphere from above if 
desired. On one side of the sphere is a hinged segmental door of maxi- 
mum dimensions 37 < 16-5inches. Opposite the door is the window, 
of depolished opal glass, which is arranged to form one comparison 
surface in the photometer head (see Fig. 124), the other being a 
piece of similar glass illuminated by a comparison lamp which 
travels along a 1-5-metre bench. The lamp socket is carried on hinged 
rods so arranged that lamps can be readily brought to the door of 
the sphere for changing, and can then be returned automatically 
to their correct position within the sphere. Ata point about 27 inches 
(0-6 R) in front of the window are two vertical rods which hold a 
runner for carrying the screens. These are of four sizes, viz., 11, 21, 
30 and 38 cm. in diameter. 

For work in a laboratory where a large number of lamps have 
to be measured in rapid succession, it is essential to use a sphere 
designed in such a way that as little time as possible is lost in changing 
lamps. Since the size of the sphere used in such circumstances does 
not generally exceed about 1 metre in diameter, it may conveniently 
be constructed of zine or of sheet steel (“4). A convenient arrange- 
ment for changing the lamp is the double door device shown in plan 
in Fig. 128 (7°). When this door is swung anti-clockwise around its 
central vertical axis, so that lamp A is in the sphere and ready for 
measurement, lamp B can be removed from its socket and a fresh 
lamp C can be put in its place. As soon as the measurement on A 
is completed, the double door is swung round clockwise so that C 
is now in the sphere. Another lamp D can then be substituted 
for 

The sphere window at W is of diffusing opal glass and is covered 
with a small hemisphere. A second window in this hemisphere acts 
as one of the comparison surfaces in the photometer head, which is 
of the Lummer-Brodhun type. For increasing the range of the 
instrument, diaphragms are placed over W inside the hemisphere. 
Some of these are provided with colour filters for use in the measure- 


* A somewhat similar device is that shown in Fig. 129, which is self-explanatory. 
The cylinder C, carrying three identical sphere segments, can be rotated about its axis so 
that, while one lamp L, is being measured, the lamp just finished with, L,, can be removed 
and a new lamp, D3, can be inserted ready for measurement (*°). 


a 
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ment of gas-filled lamps, the comparison lamp L being a vacuum 
lamp. L is enclosed in a travelling box in which the side facing the 


Opaque 


Screen 


Lamp to be 
Withdrawn 
Lamp to be 
Inserted 


Axis of ~ 
Rotation 
Fia. 128.—Double Door Device for Rapidly Changing Lamps in the Sphere. 


photometer is covered with one or more sheets of translucent glass, 
which therefore become the real comparison source. The box is also 


Fie. 129.—Lamp Changing Device. 


provided on one side with a small window and vertical cross-wire 
The shadow of this wire is formed on a vertical translucent glass 
scale placed at the side of the bench, and this device is used to give 


Fra. 1380.—The Sphere Photometer Room. 


[To face p. 221. 
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the position of LZ, just as in the Sharp-Millar illumination photometer 
(see p. 348). The bench is arranged as shown diagrammatically in 
the plan, so that the operator whose duty it is to change the lamps 
in the sphere can also take the readings on the berich. A second 
operator stationed near W adjusts the balance in the photometer 
head by moving L. 

Fig. 130 shows on the left a 1-metre sphere used at the National 
Physical Laboratory. In this the lamp is carried at the end of a rod 
passing through a small segment of the top of the sphere which can 
be raised, within a framework attached to the sphere, by means of 
a cord and countér-weight attachment carried on pulleys at the top 
of the framework. 

Instead of using the inverse square method of varying the 
illumination on the comparison lamp side of the photometer, a 
second smaller sphere may be employed on this side, and the illumina- 
tion may be varied by continuous alteration of the surface of the 
diffusing window of this second sphere (77). For work to commercial 
accuracy a lamp in a whitened cube provided with a window of 
adjustable area may be used as a comparison source (78). Such a 
cube is shown in front and side elevation in Fig. 131. Over the front 
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Fia. 131.—A Comparison Source of Adjustable Candle-power for Use with a 
Photometric Integrator. 


of the diffusing window W moves a sliding shutter S with a wedge- 
shaped opening, so that the breadth of W is changed in proportion 
to the linear displacement of S. S bears a linear scale of candle- 
powers, and adjustment to a constant of unity is achieved by means 
of two horizontal bands B, B, which are carried on straps pivoted 
about their centre points A, A, and which move over the inner face 
of the window W. The height of W can thus be adjusted, without 
altering the position of its centre, by simply altering the inclination 
of the straps bearing the bands B, B. 

Measurement of Flame Sources.—When flame sources are 
measured in a sphere, it is necessary to arrange efficient ventilation, 
and this can only be done by the provision of at least two openings, 
one near the bottom and another at the top of the sphere. If very 


222 PHOTOMETRY 


small openings be used, efficient air supply can only be ensured by 
means of a forced draught, and this is liable to create undesirable 
air currents, with consequent disturbance of the flame. Too large 
an opening leads to a serious departure from the theoretical con- 
ditions governing the distribution of the reflected light, since an 
opening must be regarded as an area of zero reflection factor. It 
is clear that if this area relative to the total sphere area be A, and if 
the average value of the direct illumination on this area be H’a, while 
that on the remainder of the sphere wall is Zz, then the illumination 
of the window is reduced from {(1 — A)Ez+ AE’a}p/(1 — p) to 
{(1 —A)Eap\/{1—(1—A)p}. If E’a/Ea= 0, the magnitude of 
the error is therefore 
A{O + p(l — 0)(1 — A)}/{1 — p(l — A)} {1 — A(1 — 8). 

If A be small (<0-01, say) this is approximately equal to 
A{@-+ p(1— 6)}/(1 — p), which, when p = 0-8, becomes A(@ + 4), 
so that if the error due to the apertures is not to exceed 1 per cent., 
their total area A must not be more than 0-002. This, in the case 
of a sphere of 1 metre radius, allows two circular holes, each of 
about 12-5 cm. diameter, assuming that 6 is not much greater than 1, 
i.e., that the directions of maximum candle-power of the source are 
not directed towards either aperture. It must be remembered that 
the actual error of a measurement made by either of the methods 
described on pp. 207-8 above is much less than that just calculated 
so long as both test lamp and sub-standard are measured with the 
sphere in the same condition, 7.e., so long as the apertures remain 
the same for the measurement of both Bsand By. The error may be 
diminished still further by placing a whitened screen over the 
aperture, but at a sufficient distance from it to allow adequate 
ventilation (7°). This screen should be of such a size and so placed 
as to prevent the aperture from receiving any direct light from the 
source. The whole of the lost flux is then reflected flux, and its 
amount being closely proportional to the illumination of the window, 
the error introduced into the measurements is very small. 

Sub-standards.—From the description (p. 207) of the methods 
employed for the measurement of mean spherical candle-power by 
means of the integrating sphere, it will be clear that this instrument 
cannot be used to obtain absolute values of m.s.c.p. without the use 
of a sub-standard measured by some absolute method, such as one of 
those described earlier in this chapter. The type of source generally 
chosen for a sub-standard is naturally that most readily measured 
by absolute methods, viz. a vacuum tungsten filament electric lamp. 
Such a lamp can be rotated without change of candle-power, and 
an accurate measurement of its mean spherical candle-power 
can therefore be obtained in comparatively few measurements 
by one of the methods described on p. 204 (8). For the 
measurement of gas-filled lamps a blue colour filter may be used on 
the comparison lamp side when the test lamp is in the sphere. The 
transmission factors of these filters are measured at the standardising 
laboratory, as described on p. 263. Unless the sphere paint be quite 
non-selective there will be an error in the measurements made by 
this method, as explained on p. 218 above. The amount of this error 
may be determined by the method there described, The error may 
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be avoided by using gas-filled lamps as sub-standards, although 
these lamps cannot be relied upon as regards constancy of candle- 
power to the same extent as vacuum lamps. Since the absolute 
measurement of the m.s.c.p. of gas-filled lamps is a very tedious 
- process, it is usual to measure them in the sphere by comparison 
with a sub-standard lamp of the vacuum type. Since this comparison 
involves a colour difference, it should generally be carried out at the 
standardising laboratory. 

When using the method in which both sub-standard and test lamp 
are in the sphere together, the sub-standard and screen S, (Fig. 123b) 
must be regarded as a single unit, and the mean spherical candle- _ 
power of the combination must be found by an absolute method. 
Similarly, in the determination of mean hemispherical or mean zonal 
candle-power by the substitution method (p. 224, infra), the sub- 
standard and screen H (Fig. 133) must be measured as one unit. 

Measurement of Mean Hemispherical Candle-power.—By a 
suitable modification of the methods described above for the measure- 
ment of mean spherical candle-power the sphere may also be used 
to measure the mean hemispherical or mean zonal candle-power of 
a source (see p. 87). In the case of the former measurement it is 
generally the lower hemisphere that is in question. The source is 
inserted in an opening at the top of the sphere as shown in 
Fig. 132 (81). The radius of this opening must be at least twice that 
of the smallest sphere which 
will contain the light source, Light 
but must not exceed about 0-5 Source 
FR, where F is the radius of the 
sphere (*?). It should be either 
totally uncovered, or else 
covered with a surface 
blackened on the under-side. 
The screen S, placed over the 
sub-standard lamp must be 
sufficiently large to screen the 
whole of the opening or 
blackened surface from the 
direct light from this lamp. 
The measurement is then 
made in the usual way, the 
reading By obtained with the 
test lamp being doubled see Fie. 132.—The Measurement of Mean 
calculating the mean hemi- Hemispherical Candle-power. 
spherical candle-power of Ly 
from the mean spherical candle-power of Ls, since m.h.s.c.p. = 


(jumens)/277. ae eh’ d= 
A less accurate method is that illustrated in Fig. 133 (88). The 
source is surrounded by a box screen H, which, being blackened on 


the inside, absorbs all the light from the source except that emitted 
in the hemisphere or zone for which measurements are desired. 
This screen must be whitened on the outside, but even so it disturbs 
the distribution of reflected flux in the sphere to a degree depending 
on its size, so that this method should only be used in the case of 


small sources. 


eee) ie 
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A similar arrangement may be used in making measurements by 
the substitution method. The screen H used with the test lamp in 
the sphere is placed 
over the sub-standard 
so that the light from 
it is absorbed exactly 
over the same zonal 
areas as in the case 
of the test lamp. The 
mean spherical candle- 
power of the combina- 


and screen is then 
measured as described 
on p. 204, and the 
value thus obtained is 
multiplied by the ratio 
2B7/Bs, where Br and 
Fic. 133.—The Measurement of Mean Hemispherical Bs are respectively the 
or Mean Zonal Candle-power. brightness of the sphere 
window when the test 
lamp and the sub-standard are placed in the sphere, each being 
shaded by the screen H. 

It is clear that, with a source of finite dimensions, a sharp cut-off 
at the edge of a given zone can only be obtained when the screen is 
large compared with the dimensions of the light source. In the same 
way, accurate delimitation of the hemisphere can only be obtained 
by the method illustrated in Fig. 132 when the radius of the opening 
is large, and as this is limited by other considerations to a maximum 
of 0-5 R, it follows that the diameter of the sphere used for the 
measurement of mean hemispherical candle-power of a source must 
be at least eight times the diameter of the source. Exact positioning 
of the source with reference to the edge of the opening is necessary, 
and an auxiliary photometer has been devised (*4) for determining 
the photometric “centre of gravity’? of a source of light. This 
piece of apparatus is shown in section in Fig. 134. The light from 


Fia. 134.—The Photometric Centroid Finder, 


the upper and lower parts of the lamp respectively illuminate the 
two sides of the Bunsen screen S, which is placed at a distance r/3 
from the source, where r is the radius of the circular opening at the 
top of the sphere. The two sides of the screen are seen in juxta- 
position at O by means of the mirrors M,, M,, and the prisms P,, P,. 
When a balance has been obtained the eye is shifted to O, or 0, 


tion of sub-standard 
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and then sees the source directly with the screen S as a horizontal 
black line dividing it into two parts. The position of the line on the 
Source 1s noted, and the latter is then placed in the sphere so that 
this line lies in the plane of the edges of the sphere opening. 
: Non-Spherical Integrators.—Certain disadvantages attendant on 
the spherical form, notably the difficulties of construction and the 
awkwardness of standing any object in a sphere, have led to sugges- 
tions for a modification of form. Of the regular polyhedra, the 
simplest to construct is the cube, and this form of integrator has, 
therefore, received considerable attention (8°). 

It is clear that, if a light source be placed in the centre of a cube, 
and if a window be provided at the centre of one of the sides, the line ~ 
joining the source and the window forms an axis of symmetry of 
the apparatus and, by means of four imaginary planes passing 
through this axis, the cube can be divided into eight portions, each 
of which is similarly situated with respect to the source and the 
window (see Fig. 135). It follows that the flux reflected to the 


Fie. 135.—Symmetrical Division of a Cubical Integrator. 


window from any given area in one of these eight portions will be 
exactly equal to the flux reflected to the window from an equal and 
equally bright area similarly situated in any of the other seven 
portions. Thus if a light source had a flux distribution such that its 
candle-power was uniform (but not necessarily the same) in each 
of the eight angular regions defined by the four imaginary planes 
above mentioned, the reflected flux received at the window would 
be proportional to the mean spherical candle-power of the source. 
It follows from this general consideration of the problem that the 
best position for a source in an integrating cube is at the centre of 
the cube, with its axis of symmetry perpendicular to the line joining 
the source and the window. 

The amount of flux received at the window as a result of the 
incidence of a given amount of flux at each part of the cube surface 
has been determined empirically (°°), and, using the results thus 
obtained, it is possible to calculate for any source of which the polar 
curve is approximately known the error which will be made in 
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comparing it with a source of some other known flux distribution.” 
The results of this calculation applied to typical light sources in 
common use are given in the table below :— 


TABLE SHOWING THE ERRORS OF MEASUREMENT DUE TO THE 
Use OF AN INTEGRATING CUBE FOR CERTAIN TYPICAL LIGHT 


SOURCES. 
Apparent 
Polar Curve A 
Light Source. Type (see Fig. A idatiee = 
; 136). _ Point Source). 
Point source . ‘ : : : — / 1-00 
Electric incandescent lamp (vacuum, : 
squirrel-cage filament) . . : A, ) 0-99 
Electric lamp (gas-filled, ring filament) — B. ) 1-005 
Gas lamp (upright mantle) : om A. 0-99 
Gas lamp (inverted mantle) C. 1-05 
Arc lamp ; Dz. 0-955 » 


N.B.—The above figures have been calculated on the assumption 
that (a) the source is placed at the centre of the cube, with its axis 
of symmetry vertical, and (b) the reflection factor of the cube surface 
is about 85 per cent. 


As a compromise between the simple cube and the sphere, the | 
proposal has frequently been made to use a cube in which the corners | 
are blocked out so as to 
form a fourteen - sided 
polyhedron (8’).  Experi- 
ments have also been made 
with a rectangular box 

Oona modified in this way (§§), 
SOSH and on the regular icosa- 
MHD 3 \\ hedron (8°), Another form 

of integrator which has 

been used is a hemisphere, 
either open, or closed with 
a.plane cover (9°), The 
statement has been made 
that the form of the inte- 
grator is not of great 
importance, but this is 
incorrect, except when the 
light distribution of the 
Fra. 136.—-Typical Polar Curves for the Sources ee eae Naw i ae aa 
referred to in the above Table. : es standard. 

In all other cases no 

adequate theoretical treatment can be given, but from the general 
principles outlined in previous sections it may safely be concluded 
that the inaccuracy increases with (a) the difference in light distri- 
bution between test lamp and sub-standard, (b) the departure of 
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the integrator from the true 4 
spherical form, and (c) the 
absorption factor of the inner 
surface of the integrator. The 
departure from the theoretical 
flux distribution due to the 
presence of foreign objects is 
also greater in the case of a 
non-spherical integrator, and it 
is probable that lack of perfect 
diffusion from the inner surface 
would be more important than 
in the case of a sphere (°). 

A modified form of hemi- 
spherical integrator has been 
devised for the measurement of 
large sources (®?). This consists 
of a whitened hemisphere 4 BC 
(Fig. 137) with a translucent 
window at B. S is a special 
form of compensating screen, 
which is of such a size and so 
placed as to shield the window 
completely from the open face 
of the hemisphere. The side of 
S facing the window is a convex 
mirror with a central black ¢ 
foliated pattern, as shown in 
Fig. 138. The window receives 
light from any point P of the hemisphere, both directly and by 
reflection in S, and the shape and dimensions of the foliated pattern 

are determined empi- 
rically, so that a given 


amount of flux reach- 
ing the hemisphere 

produces the same 

effect on the window 

B, no matter to what 

part of the hemisphere 

this flux. may be 

directed. The source 

is placed with its axis 

in the plane AC, and 

two measurements are 

made, the source being 

turned about its axis 
through an angle 

of 1:30 forethe 


Fic. 137.—The Hemispherical Integrat- 
ing Photometer. 


second measurement. 
The “simultaneous 


9? 


method” of measure- 


; ment is employed. It 
. 138.—Compensating Screen for the Hemi- 3 Ole 
eS eee Teieetator is clear that this form 


Q 2 


228 PHOTOMETRY 


of integrator lends itself readily to a measurement of the total 
flux in the beam of light given by a projector (see Chapter XIV., 
. 422), 

= General Conclusions regarding the Practical Use of a Sphere.— 
While it is difficult to lay down any definite rules regarding the 
employment of an integrator for the practical measurement of the 
mean spherical candle-power of a source, the following general 
principles may be regarded as of fairly wide application to such 
problems as are met with in ordinary photometric practice where an 
accuracy of 1 to 2 per cent. is aimed at :— 

(1) The integrator should preferably be spherical in form, and 
the closer the approximation to the spherical form the more certainly 
is it possible to calculate the magnitude of the error likely to be 
made in measurements under any given set of conditions. 

(2) The integrator must be coated internally with a paint which 
dries with a surface which has a high reflection factor and is as 
matt and as non-selective as possible. The surface must be renewed 
at frequent intervals, a year being the maximum period allowed to 
elapse between re-painting. 

(3) The true substitution method of measurement is preferable 
to the simultaneous method, but it demands a larger integrator. 
When the true substitution method is used the ratio of the surface 
area of the integrator to that of the light source (including any 
surfaces, such as shades or reflectors, which affect the light distribu- 
tion of the source under normal working conditions) should be not 
less than 100 times the ratio of the absorption factor of these surfaces 
to the absorption factor of the sphere surface. When the simul- 
taneous method of measurement is used, the ratio of the surface area 
of the integrator used to that of the test source and its auxiliary 
apparatus may be as low as 40. 

(4) Any auxiliary parts of the light source which it is necessary 
to have in the sphere (excluding the surfaces which affect the light 
distribution of the source under working conditions) should be 
painted white or covered with a white material. 

(5) The window should behave as nearly as possible as a perfect 
diffuser for transmitted light, it should be non-selective, and its 
inner surface should be matt and flush with the inner surface of the 
sphere. Its diameter should not exceed one-tenth of the diameter 
of the sphere, and may with advantage be smaller than this. 

(6) Each screen should be just large enough to shield the window 
from the direct light coming from any part of a source (either test 
lamp or sub-standard) which contributes to the total flux from that 
source under ordinary working conditions, e.g., light from a reflector, 
frosted globe, etc., must be prevented from reaching the window 
directly by interposing a screen. Screens should be painted with 
the same material as that used for the sphere surface, they should 
not be larger than is necessary to shade the window completely, and 
they should preferably be placed at a distance from the source equal 
to about one-third of the distance between the source and the window. 

(7) The sub-standard used should, if possible, have a light 
distribution which is similar to that of the test source. If this can 
be arranged, the true substitution method can be used and the 
errors due to non-compliance with recommendations (1), (2), (5) and 
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(6) are much reduced. Where this is impossible, as in the measure- 
ment of sources giving a concentration of light in certain directions, 
the test source should be so oriented that the regions of maximum 
illumination of the sphere are visible from the window, and the 
simultaneous method of measurement is generally preferable. 

(8) When the true substitution method is employed, the source 
should be placed as nearly as possible at the centre of the sphere. 
When the simultaneous method is used, the two sources should be 
placed symmetrically with respect to the sphere window, and not too 
close either to each other or to the surface of the sphere. 

(9) When the cube or fourteen-sided polyhedron is used instead - 
of the sphere, the light source should be placed in the centre and 
should have its axis of symmetry perpendicular to the line joining 
the window of the integrator and the source. The window should 
be in the centre of one side, and not at an edge or corner. 

Too much emphasis cannot be placed on the fact that the above 
rules are only generalisations, and any attempt to apply them 
universally without an intelligent appreciation of the theory of the 
sphere is certain to lead to large errors in particular cases. The 
integrating photometer is an instrument of the utmost value when 
properly used, but its unintelligent application may easily be 
attended by unsuspected errors quite outside the limits of accuracy 
of ordinary photometric measurement. 

The sphere has been applied to several problems in photometry 
other than the measurement of candle-power. Some of these 
applications will be described in Chapter XIII., pp. 378 and 390. 
It can be used, in conjunction with a lamp, as a comparison source 
of adjustable candle-power, since the flux emitted from a window 
in the sphere is strictly proportional to the area of the window (°°). 
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CHAPTER VIII 
HETEROCHROMATIC PHOTOMETRY 


In the descriptions of photometric apparatus and methods given 
in previous chapters it has been tacitly assumed that the lights being - 
compared are either alike, or nearly alike, in colour, so that while 
the eye of the observer is endeavouring to make a judgment of 
equality of brightness of the comparison surfaces it is not em- 
barrassed (1) by a- difference of hue. In other words, it is assumed 
that measurement of quantity is not interfered with by a difference 
in quality of the things compared. 

Unfortunately this condition, which until now it has been 
necessary to assume fulfilled in order to simplify the treatment of 
the subject, is completely satisfied only in a very small proportion 
of the problems met with in practical photometry. It has already 
been said (p. 126) that the standards of candle-power at present 
available give a light which is very much yellower than that given 
by modern light sources under working conditions. It follows that 
the measurement of such sources by comparison with the standards 
must, fundamentally, involve a considerable colour difference. It 
is true that steps are taken to ensure that this colour difference is 
very much reduced, if not eliminated, in every-day photometry, but 
the difficulty is thereby only transferred to another link in the chain 
of measurements by which the source under test is compared with 
the primary standards, and nothing can remove the necessity for 
heterochromatic photometry at one stage or another of the series 
of comparisons. 

An observer faced with the problem of making a photometric 
measurement by the comparison of two surfaces differing markedly 
in colour is tempted at once to condemn the operation as senseless, 
and the result obtained as almost without meaning (*), and he is 
to a certain extent justified by the physical principle that things 
which differ in kind cannot be compared in degree except by some 
quality which is common to both. Thus, in the case of two lights 
of different colours, while there is no theoretical difficulty in com- 
paring their relative energies expressed in watts, this quantity 
being common to all forms of radiant energy, there is very consider- 
able difficulty in comparing their relative effects on the retina, 
since these effects are different in kind as well as in degree. This 
argument, however, if pushed to its logical conclusion, would almost 
deny the possibility of photometry at all. The position has been 
well expressed by C. Fabry (3), as follows :— 

‘“‘Confining oneself to the region of pure theory, one would 
therefore be tempted simply to condemn the problem as, by its very 
nature, contrary to reason. But it is not only from the theoretical 
point of view that the problem of heterochromatic photometry must 
be presented ; its interest is pre-eminently practical and even 
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commercial ; the problem demands solution, even if it be partly by 
means of a convention.” : 

As a matter of common experience, although it may be difficult, — 
if not impossible, to say with certainty when two contiguous red 
and green luminous surfaces have the same brightness, yet if their 
brightness be varied there is certainly a point on one side of equality 
at which the red is definitely brighter than the green, while there is 
similarly a point on the other side of equality at which the green 
is certainly the brighter, always assuming that the observer is normal 
as regards colour vision (4). It is the object of heterochromatic 
photometry to reduce, as far as possible, the region within which 
definite inequality just appears on each side. The same degree of 
precision as in the case of homochromatic photometry is not attain- 
able (5), and, unfortunately, the physiological phenomenon of 
simultaneous contrast (see p. 70) causes the colours of two adjacent 
bright fields to appear even more widely separated in the spectrum 
than they really are (*). The various methods which have been used 
by different workers at different times will be described in this 
chapter, and the particular advantages and difficulties inherent in 
each of them will then be appreciated. It is essential that the 
principal phenomena of colour vision, described in outline in 
Chapter III., should be borne in mind when any problem of hetero- 
chromatic photometry is under consideration (*). 

One source of error which must be avoided in all photometry 
involving colour difference is the reduction of the brightness of the 
comparison surfaces to below the limit at which the Purkyné effect 
begins to be noticeable (see p. 65). Thus, unless colour difference 
has been completely eliminated, the illumination of the photometer 
field should not fall much below 10 metre-candles, for otherwise the 
variation of sensation with brightness change will be different on 
the two sides, e.g., a balance made at 10 metre-candles will no longer 
be a balance to the eye if the illumination of both comparison surfaces 
be reduced to 1 metre-candle (§). This consideration at once rules 
out one of the early methods of heterochromatic photometry, viz., 
that in which acuteness of vision was used as a measure of bright- 
ness (°). A test chart, such as a number of lines of small type 
printed in black on white paper, or some geometrical pattern, was 
illuminated in turn by the lights to be compared, and the 
illumination was gradually altered in each case until a given line 
of type or a pattern of a certain fineness became just distinguish- 
able (1°), The illuminations under these conditions were assumed 
to be equal, and the candle-powers of the sources were calculated 
accordingly (1). 

The same objection applies also to the elimination of the colour 
difference by reducing the brightness of the comparison surfaces to 
within the photochromatic interval of the eye (12) (see p. 67). The 
sensitivity of both these methods is, moreover, very low. 

The Compensation or Mixture Method.—In this method of hetero- 
chromatic photometry an ordinary direct-comparison photometer 
head is used, but the colour difference is reduced by illuminating 
one or both of the comparison surfaces with light from both the 
sources which are being compared. While the ease with which a 
setting of the photometer head can be made is much improved by 
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the reduction of the colour difference thus achieved, the sensitiveness 
18 correspondingly reduced by reason of the very fact that the 
photometer surfaces do not each receive light from one source alone 
(see p. 154). In J. Wybauw’s form (!%) a Bunsen photometer is used, 
. with an auxiliary mirror to reflect light from one of the sources on 
to the side of the disc remote from the source (see Fig. 139). In 
Grosse’s form, which - is 


much more complicated (14), 

one side of the eee Ws ag eesae sits 

receives m per cent. of its ¢, Le 
heht-'frornmlamp-+d1,) ands es ce t era . 
(100 — n) per cent. from Z,, See, \ 

while the other side receives ad, 

nm per cent. from L, and Ti anes 


(100 — n) per cent. from 
Ey. n can be varied at the Fic. 139.—Wybauw’s Compensation Photometer. 
option of the observer 

according to the degree of colour difference present, but as the 
colour difference is diminished by increasing », so also the sensi- 
tivity is reduced, until when » = 50 both colour difference and 
sensitivity vanish together (15). 

An instrument depending on the formation of two sets of shadow 
patterns, one by each source, has been described by W. B. von 
Czudnochowski (?). 

Direct Comparison with Small Colour Differences.—The direct 
comparison of sources giving lights of markedly different colours is, 
as stated at the beginning of this chapter, inaccurate and unsatisfying 
to the observer, but if the colour difference be comparatively slight 
a measurement may be made, with a suitable form of photometer 
head (17), to an accuracy of about the same order as that obtainable 
by either of the methods already described in Chapter VI., so long 
as the brightness of the comparison surfaces is considerably in excess 
of the value at which the Purkyné effect begins to operate. If this 
precaution be not observed very large errors may be introduced 
(see p. 66). If the two fields of a Lummer-Brodhun contrast 
photometer, for example, be illuminated by lights differing slightly 
in colour, a position of the photometer head can be found at which 
the contrast on both sides of the field appears to be equal. This may 
be taken as the position of balance. When the colour difference is 
about the same as that between the light from two tungsten filament 
vacuum lamps operating respectively at 7 and 5-3 lumens per watt, 
it is found that an observer, following the procedure described on 
pp. 165 to 167, will repeat his measurements from day to day to 
an accuracy of about 1 per cent., while two normal-sighted observers 
will generally agree with each other to about the same accuracy. 
When, however, the colour difference is increased beyond this limit, 
not only do different observers disagree markedly, but the same 
observer becomes inconsistent from day to day. It is a somewhat 
curious psychological effect that, with a considerable colour 
difference, a single observer may obtain very consistent readings 
during the course of a single set of observations, but on another 
occasion his readings, although again consistent among themselves, 
are quite different from his previous set (1%). There is apparently an 
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unconscious adoption of a certain criterion of equality which, 
although remembered throughout a single set of measurements, 1s 


forgotten if a considerable period elapse between one set and the | 


next. 

The Cascade Method.—One method of overcoming the un- 
certainty of a measurement involving a large colour difference, such 
as, for example, the comparison of lamps operating at a normal 
efficiency of 8 lumens per watt with those giving light of the same 
colour as that from a pentane lamp (1-3 l-p.w.), is to divide this 
colour difference into a number of steps, using sets of lamps operating 
at intermediate efficiencies. Thus at the National Physical Labora- 
tory, between the international standards of candle-power and the 
sub-standards used for the measurement of lamps of normal 
efficiencies, five sets of sub-standards are interposed, operating 
respectively at 2-1, 3, 4, 5-5 and 7 lumens per watt. The lamps in 
each set are carefully compared with the set of lower efficiency by 
a number of observers, and thus, from the results of five comparisons, 
the value of the highest efficiency set in terms of the international 
standards, is obtained (1%). 

Although, when many readings are taken, the results obtained 
by the cascade method for any one observer are not more consistent 
with the average of a number of observers than when a comparison 
entailing the whole colour difference is made, it appears that the 
day-to-day consistency of a single observer is better by the cascade 
method (2°). The method also has the advantage that when once 
the intermediate sub-standards have been measured, they are 
available for the measurement of lamps of any efficiency lying 
within the range they cover. In the work above quoted, the cascade 
method and the ordinary comparison method were found to give 
results in agreement to 0-3 per cent. The chief disadvantage of the 
cascade method is the unavoidable one that an observer who tends 
to weight either side of a comparison field, for example the blue, 
will gradually increase his error as the series is built up. It is for 
this reason that the method can only be satisfactorily used when the 
mean results of a large number of observers can be obtained. The 
mean values so assigned to the lamps of any set in the cascade can 
then be used for the measurement of lamps which they happen to 
match in colour, so that only a few observers are then needed for 
this measurement, just as in any other case of homochromatic 
photometry. 

Some part, at any rate, of the consistent differences which are 
found to exist between observers when making a heterochromatic 
comparison may well be due to the fact that the luminosity curve 
of the retina near the fovea is not everywhere exactly the same 
(see p. 69). ‘The error due to this cause may be reduced by making 
two or more sets of measurements with the comparison fields 
differently arranged in the observer’s field of view. This may be 
achieved by inserting in the eyepiece of the photometer head a prism 
of the form shown in Fig. 140 (a), or an arrangement of mirrors as 
shown in Fig. 140 (0). If either of these systems be rotated through 
an angle of 90°, the image seen through them is rotated through 180°. 
Thus if the photometer field be symmetrically divided into two 
parts, as in the case of the Lummer-Brodhun contrast photometer, 
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by. making measurements with the prism in each of four positions | 
45 apart, any irregularities in sensitivity of the central part of the 
observer’s retina should be compensated. A simple left-to-right 
reversal of field may be obtained by rotating the photometer through 


c(h) Mirrors 


Fig. 140.—Inversion Systems. 


180° about its horizontal axis, and then turning it through 180° 
about its vertical axis, the observer being now on the opposite side 
of the bench. 

Use of Characteristic Equations.—For many purposes it has been 
found convenient to use the characteristic equation connecting the 
candle-power of a vacuum electric lamp with its current or potential 
so as to enable a large range of efficiencies to be covered by a single 
standard (74). For this purpose the characteristic equation of a 
lamp may be taken as log J = A(log x)? + Blog x + C (?*), and 
measurements of J at three or more values of x suffice to determine 
the constants A, B and C. The method may clearly be extended 
by treating a combination of a lamp with a blue glass as a single 
unit and finding the values of the constants for the combination. 
It will be seen that, as in the cascade method, colour difference is 
not avoided, but with a comparatively small number of standardisa- 
tions by several observers a standard is available for homochromatic 
comparisons over a wide range of efficiencies. 

Homochromatic Methods.—The most fundamental method of 
making a photometric comparison between two lights which differ 
in colour is to resolve each into components which are visually 
monochromatic and to compare the intensities of these components 
pair by pair. If J, and z,/, be the respective intensities of any one 
pair of similar components whose wave-number interval is dv, and 
whose mean wave-number is v, then the ratio of the two original 
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intensities is Yx,J,5v/Z1,5v, where > denotes summation through- 
out the visible portion of the spectrum. In this way a single hetero- 
chromatic comparison is converted into a large number of homo- 
chromatic comparisons. These comparisons are carried out in a 
special form of instrument, known as a spectrophotometer, in which 
a composite light is resolved into its spectral components and photo- 
metric measurements are then made on as many of these components 
as may be necessary. This method is, clearly, of universal applica- 
tion, and it will be described more fully in the next chapter. It is, 
however, exceedingly tedious, and is liable to large errors unless 
numerous precautions are taken. For many purposes, therefore, 
some fundamentally less accurate method is preferable for ordinary 
work. The methods now to be described are of this kind, and, 
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Fie. 141.—The Principle of the Crova Method. 


although based ultimately on spectrophotometric determinations, 
they enable such determinations to be relegated to the standardising 
laboratory, where they can be performed most conveniently and 
accurately. 

The Crova Wave-number (Wave-length) Method.—One of the 
earliest of these methods is that of A. Crova (?5), which may best be 
explained by reference to Fig. 141. Curves A and B represent, 
respectively, the relative luminous intensities throughout the visible 
spectrum of the light given by two sources. These curves are obtained 
with aspectrophotometer. The ordinate scale is so arranged, for each 
curve separately, that the areas of the two curves are equal, 7.e., 
the total candle-power is the same for each source. If these curves 
intersect at wave-number v it is clear that equality at this wave- 
number is a criterion for equality of the integral light. It follows, 
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therefore, that for sources having respectively the spectral distributions 
exhibited in curves A and B, comparison at wave-number vy gives 
the same result as a comparison of the integral lights. Hence, by 
placing in front of the eyepiece of the photometer a medium which 
only transmits a narrow portion of the spectrum on either side of pv 
practically homochromatic observations may be made, and the 
results obtained will be valid for the integral light given by the two 
sources (4). The curves of Fig. 142 show the Crova wave-numbers 
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Fira. 142.—The Crova Wave-number for pairs of Grey Body Sources at different 
Colour Temperatures. 


for the comparison of two “ black-body ” sources at the temperatures 
shown respectively (a) on the curve, and (b) on the axis of abscissze. 
For. comparison between a carbon lamp operating at 2-3 lumens 
per watt (colour temperature 1,980° K.) and a tungsten lamp at 
10 lumens per watt (2,430° K.), the Crova wave-number is approxi- 
mately 17,370 (25). A suitable solution having, at a thickness of 
25 mm., a well-defined transmission band in this region consists of 
CuCl,, 86 gm.; K,Cr,0,, 60 gm.; HNO, (sp. gr. 1-05), 40 c.c. with 
water to I litre at 20°C. (26). Curve A of Fig. 142 is the line of 
limiting Crova wave-numbers, 7.e., the line which gives the Crova 
wave-number for two black-body sources at the temperatures 
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T + 87’, when 87 is vanishingly small. To a fair approximation, 
the Crova wave-number for two sources may be found by taking 
the arithmetic mean of the limiting Crova wave-numbers for the 
respective temperatures of those sources. 

A method somewhat similar to that of Crova was developed by 
Macé de Lépinay and Nicati (2’), who assumed that for bodies 
giving approximately black-body radiation J/I, = f(I¢/Iz), where 
I is the integral candle-power for all frequencies, and J; and J, are 
the candle-powers in regions of the spectrum confined to the red 
and the green respectively. Further, they found that f(I¢/Ip) = 
[1 + 0-208(1 — I,/I;)]-1 represented the results for a number of 
ordinary sources, so that the ratio of the integral candle-powers of 
two sources could be obtained from the results of two comparisons 
made (a) with a red transmitting medium, and (6) with a green 
medium in front of the eyepiece. Both of these methods of hetero- 
chromatic photometry depend on the energy distribution in the 
spectrum of the sources to be compared. They have been used with 
some success for sources giving a continuous spectrum with approxi- 
mately the same energy distribution as a black body at some 
temperature. For sources with a discontinuous spectrum, however, 


they are quite useless, except that Crova’s method may be used for . 


approximate work when once the Crova wave-number has been 
determined by spectrophotometry. These methods make no claim 
to be fundamental in any sense of the word, and both suffer from the 
disadvantage that, since the transmission factors of the coloured 
media used are necessarily small, the brightness of the photometric 
field is reduced to an undesirable extent if any ordinary form of 
photometer head be used with sources of normal candle-power. 

Colour Filter Methods.—It is clear that if, when two sources 
giving lights of different colours are being compared, there be placed 
between the photometer and one of the sources a coloured transparent 
medium of such a tint as to cause the light from one source to match 
that from the other, at least as far as visual sensation is concerned, 
the difficulty of colour difference disappears, and the whole problem 
is reduced to one of homochromatic photometry, except that it now 
becomes necessary to determine the transmission factor of the trans- 
parent medium for light of the colour given by the source with which 
it is used. This is again a problem of spectrophotometry (2), and 
therefore is not susceptible of the same accuracy as that obtainable 
in homochromatic photometry (see p. 287). An alternative method 
of measuring the transmission factor of the medium is to make a 
direct measurement of the candle-power of a source giving light of 
the same spectral distribution as that with which the filter is intended 
to be used. This measurement is made first without the medium, 
and then with the medium placed between the source and the 
photometer, any of the more accurate methods of heterochromatic 
photometry being used for the second comparison (2°). 

It will be seen that one of these measurements involves a colour 
difference as great as that which the medium is designed to eliminate, 
so that no gain would seem to result, but in the first place the 
colour difference may be divided into two steps by using a comparison 
lamp which gives light of a colour about midway between that of 
the source with and without the medium, and there is, further, an 
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important practical gain, since the transmission factor may be 
determined once for all by a large number of observers working on 
several different occasions, and the mean value thus obtained may 
then be used in conjunction with the results of one or two observers 
working with the medium. Since these observers have now no colour 
difference to contend with, the mean of a comparatively few results 
of theirs will be equal in accuracy to the mean of the results which 
would be obtained by the larger number of observers working on 
every occasion on which the medium is employed. The gain of time 
in this procedure, when many similar sources have to be compared 
with a standard of a different colour, may be very great (?°). ; 
The medium may be either a glass, a stained gelatine film, or a 
‘cell with parallel glass walls filled with a chemical solution of some 
kind. The glass is to be preferred from the point of view of 
permanence (#4) and convenience in use, and cobalt glasses have 
been used at the Bureau of Standards for obtaining light of the 
colour given by a tungsten lamp operating at 6-6 lumens per watt 
from a lamp at 2-5 lumens per watt (37). Some colours are, however, 
difficult to reproduce with certainty in glass (8), and gelatine films 
mounted between glass form a very good substitute, the range of 
colours obtainable being far greater with this medium. Such filters 
are, however, less permanent. Their use has been carefully investi- 
gated by Mees, who has developed a special set of filters for 
photometric work (34). These filters are termed “ photometric ” 
filters, and, as shown by the table below, they are designed to enable 
a colour match to be made between any two electric glow lamps 
which are giving light anywhere in the range from 1-2 l.p.w. to 
daylight. 


WRATTEN PHOTOMETRIC FILTERS (3°) 


: | eens = 
"ET Lpeclemp, | Matches a 6-7 Lp.w. | siion factor when 
Filter No. matches a lamp lamp when used with | used with a lamp 
giving a lamp giving | giving 6:7 l.p.w. 
=a = == Bee: 
Blue : | | | per cent. 
78 Daylight. | os 13 
78A (30) l.p.w 1-2 L.p.w. 35 
78B 15 3°5 50 
186 it 5) 70 
| 
Yellow | | 
860 5 10 | 80 
86B 3°5 15 76 
86A 1:5 | (25) 74 
86 —: | Daylight. 70 


The figures given in the above table can only be regarded as 
approximate, since both the colour and the transmission factor of 
any given type of filter are liable to vary from specimen to specimen. 
Further, the colour match is by no means perfect when a large 
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colour difference is bridged by means of these filters. The values of 
transmission factor are for the complete filter regarded as a unit, 
surface reflection losses being included. A filter (No. 7844) inter- 
mediate in colour between Nos. 78 and 784 is supplied for use with 
a gas-filled lamp to give light of daylight colour, while No. 79 gives 
daylight colour when used in front of an acetylene flame. 

A variable tint filter has been devised for enabling an approximate 
colour match to be obtained over a range of efficiencies (°°). The 
comparison lamp is placed in an enclosure with a translucent glass 
window, over which moves a metal slide containing two smaller 
windows, Y and B (see Fig. 143). These are covered one with a 
yellow and the other with a blue 
filter (e.g., Wratten 86 and 78). 
The heights of the windows are in- 


‘ versely as the transmission factors 

eo _ of the two filters for the light from 
Comparison the comparison lamp. It follows 
Lamp that as the slide is moved across the 


front of the window the candle- 
power is not altered, while the 
Opal Glass colour of the light changes con- 
—— tinuously from yellow to blue. The 
method has been extended by H. E. 
Ives (°7), who employs three colour 
filters—red, green and yellow—so 
that the accuracy of the colour 
match can be improved and the 
range of the instrument extended to 
cover most practical light sources. 

The Leucoscope.— A different 
form of variable tint filter may be 
obtained by making use of the rota- 
tory dispersion of quartz. When 
4 plane polarised light passes through 
UK («&«&K&{kJQQ KK a plate of quartz cut with its sur- 
Fic. 143.—A Variable Tint Filter £8¢e8 perpendicular to the optic axis, 

leh Constant ‘Tranemisnion. the plane of polarisation is rotated 

~ by an amount which varies with the 
frequency of the light (38). The result is that, if the incident 
polarised light is composite, the plane of polarisation of the trans- 
mitted light will be different for each monochromatic component, 
7.e., the plane of polarisation of the component of frequency v is 
rotated through an angle «,, where «, is a function of v, f(v). If, 
therefore, a Nicol prism or similar analyser be placed in the path of 
the light transmitted by the quartz, the intensity of the component 
v in the light transmitted by this Nicol will be proportional to 
sin? (6 — «,), where ¢ is the angle of rotation of the second Nicol 
measured from the position of extinction with the quartz plate 
removed. 

Thus it follows that the spectral transmission curve of a system 
consisting of a quartz plate between two Nicol prisms may be 
altered in a manner which is calculable theoretically, since the value 
of «, is known for all values of v, and is proportional to the 
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thickness of the quartz plate. By using plates of different thicknesses 


the flexibility of the combination may be much increased. A still 
greater range of transmission may be obtained by using two quartz 
plates sandwiched between three Nicol prisms, two of which are 
capable of independent rotation. 

The device as applied to the problem of heterochromatic 
photometry (°°) is shown in Fig. 144. L, is the sub-standard or test 
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Fic. 144.—The Leucoscope Photometer. 


lamp, and L,, L, two lamps in a whitened box, which forms the 
comparison source. WN, is the fixed Nicol, and Q the quartz plate. 
N, and N; are two Nicols capable of united rotation with respect to 
N, and Q. This rotation gives the colour match. N, can then be 
rotated separately with respect to NV, in order to obtain the intensity 
match. JL-B is a Lummer-Brodhun cube, to enable this match to 
be made by the eye at LH. 

The single quartz plate system can be used in combination 
with a gas-filled lamp having a colour temperature of 2,830° K. to 
obtain a colour match with the light from a black-body radiator at 
any temperature between 3,100° and 4,000° K. For the range 
4,000° to 7,000° K. the two-plate system must be used (4°). 

Chemical Solutions.—Following a suggestion by C. Fabry (*), 
certain chemical solutions have been developed for use with sources 
having spectral distributions of the black-body type. These solutions 
have the advantages of ready reproducibility from specification and 
easy adjustment by alteration of concentration and thickness. They 
are used in cells with plane polished walls of special colourless glass 
having the form shown in Fig. 145 (#"). The central solid glass frame 
is accurately ground to 1 cm. thickness. The two faces are not 
cemented on, but, after cleaning with nitric acid and distilled water, 
are laid in close contact with the glass frame, and are held in position 
by rubber bands while a seal of paraffin is run round the edge with 
a hot metal point. 

The yellow solution is composed of :— 


Cobalt ammonium sulphate. . 100 gm. 
Potassium bichromate . : 0-733 gm. 


Nitric acid (1-05 sp. gr.) See LU enc: 
Water i to 1 litre of solution. 
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This solution may be used with a 2-7 l.p.w. (4 w.p.c.) carbon lamp 
to bring its light to a colour match with that given by a lamp of 
lower efficiency. The concentration of the above specified solution 


oe, Optical 
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¥Fiq. 145.—A Form of Glass Cell for Colour Filter Solutions. 


is then altered to produce the best possible colour match, and the 
transmission is found from the relation log,,7 = — 0-245 C®9, 
where 7 is the transmission factor for a thickness of 1 em. of the 
solution as compared with clear water (#5), and C is the concentration, 
that is, the number of ¢.c. of solution as above specified in 1 e.c. of 
the solution used. 

The same solution may also be used to bring to a colour match 
with the carbon lamp the light from any higher efficiency source 
giving visible radiation of the “ black-body ” type by using the 
solution on the test lamp side of the photometer. In this case the 
transmission factor for 1 cm. thickness, as compared with clear 
water (4%), is found from the relation 

log, oT = — 0-366 C19, 
The blue solution, for use in front of a 2-7 l.p.w. 


carbon lamp, is 
composed of 


Nickel ammonium sulphate . 


50 gm. 
Ammonium sulphate 10 gm. 
Ammonia (0-90 sp. gr.) 55 ¢.c. 


Water . to 1 litre of solution. 


For this solution the transmission factor per em. thickness, as 
compared with clear water (4%), is given by the relation 


logipt = — 0-539 (2-93, 


oe ee 
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the concentration being altered in this case by diluting with water 
containing 10 gm. ammonium sulphate per litre (44). 
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Fig. 146.—Transmission Curves of Colour Filter Solutions. 


The spectral transmission curves of the yellow solution at 35 per 
cent. concentration, and of the blue solution at 100 per cent. con- 
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}1c. 147.—-Transmission of the Yellow Solution with a 2-7 I.p.w. Carbon Lamp. 


centration, are shown in the two curves of Fig. 146. It is found 
that (a) the colour match obtained by using the solution is only a 
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sensation match, and will therefore not hold accurately for observers 
with abnormal colour vision (see p. 263, infra), and (b) Beer’s law 
as to the equivalence of concentration and thickness (*°) does not 
hold, as will be seen from the expressions for 7 given on p. 246. 
Figs. 147 and 148 show respectively for the yellow and blue 
solutions the approximate concentrations and corresponding trans- 
missions in a thickness of 1 cm. for a colour match with various 
sources, using as comparison source a 2-7 l.p.w. carbon lamp. 
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Fic. 148.—Transmission of Blue Solution with a 2-7 l-p.w. Lamp. 
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An undesirable feature of the yellow solution is the existence of 
a pronounced temperature coefficient, which makes it necessary 
either to work at the temperature used in calibrating (20° C.) or 
to apply corrections obtained from the curve of Fig. 149, which 
shows the effect of temperature change on the transmission factors 
of solutions of two concentrations. The blue solution has practically 
no temperature coefficient, but, on the other hand, it is less stable 
and slowly dissolves the glass of the containing vessel if allowed 
to stand in it. 

Whatever the medium used for altering the colour of the trans- 
mitted light, it is essential that there should be complete absence of 
any curvature or unevenness in the surfaces, otherwise the lens 
effect introduced causes a change in transmission factor as the 
distance between the medium and either the source or the photo- 
meter surface is altered (see p. 183) (46). Any trace of scatter within 
the medium is also to be avoided (see p. 181). 

It may be mentioned again that a transmission factor determined 
on the bench in the manner outlined above can only be assumed to 
hold for light of the same colour as that with which it has been 
measured (*”). In the case of a spectrophotometric measurement 
the transmission factor is determined for light of every frequency, 
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So that the integral transmission factor for light of a known spectral 
energy distribution can be found at once by calculation, since it is 
equal to /7,K,E,dv/{K,E,d,, where 7,, K, and E, represent respectively 
the transmission factor, luminosity of radiation and energy per unit 
wave-number interval of the light considered, all at wave-number , 


Transnussion Factor 
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Fic. 149.—Change of Transmission of the Yellow Solution with Temperature. 


(see also p. 289). As an example of the amount of change produced 
in transmission factor by alteration in the colour of the transmitted 
light, it may be mentioned that a piece of Wratten filter No. 78 
having a transmission factor of 13 per cent. for light from a 6-7 
l.p.w. tungsten lamp has a transmission factor of 17-5 per cent. 
when used with a lamp operating at 10 l.p.w. The difference is 
naturally less in the case of the other filters, but it is still con- 
siderable. For media giving less even transmission curves than 
the photometric filters the effect may be very large. 

Methods depending upon Flicker: (1) Critical Frequency.—An 
altogether different method which has been used for the measurement 
of lights of different colours is the production of an intermittent 
brightness alternating with complete darkness, and the determination 
of the lowest alternation frequency required for disappearance of 
flicker. This frequency, termed the critical frequency for the light 
under investigation, gives a rough absolute measure of the brightness 
of the field, and thus, like the visual acuity method described above 
(see p. 236), does not depend on any comparison of juxtaposed 
surfaces. Like this method, however, its accuracy is exceedingly 
low (48), and it has therefore never been developed. As, however, 
the phenomena of critical frequency throw some light on the results 
obtained with the flicker photometer, it will be of value to describe 
briefly some of the results obtained by Ives (4°), which are illustrated 
in Fig. 150. The lines of this diagram show that when the brightness 
exceeds a certain value (of the order of 1 photon), the critical 
frequency is connected with the logarithm of the brightness by a 
simple relationship of the form (Frequency) = A log (Brightness) + B, 
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where A and B are constants depending on (i.) the colour of the 
light, (ii.) the ratio of the lengths of the light and dark periods, and 
(iii.) the steady brightness (if any) upon which the flickering bright- 
ness is superposed (5°). In the case of red light, with equal periods 
of light and darkness and no steady brightness, the values of A and 
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Fig. 150.—Variation of Critical Frequency with Field Brightness for Light of Various 
Frequencies. (The brightness unit is of the order of one photon.) 


B are the same for any brightness, while for other colours there is 
a more or less abrupt change in the values of these constants when 
the brightness falls below a certain limiting value. In this region 
A is zero for blue light, so that the critical frequency is constant at 
all low values of brightness. 

It will be noticed that the critical frequency exhibits a 
reversed Purkyné effect (see p. 65), for while at high values 
of brightness blue is weighted with respect to red (as compared 
with steady comparison), the opposite is the case at low values of 
brightness. 

(2) The Flicker Photometer.—In this instrument the criterion of 
the equality of brightness of two surfaces is the disappearance of the 
flicker produced by presenting them alternately to the eye at a 
certain minimum frequency. This minimum is defined as the lowest 
frequency which will just cause flicker to disappear over the smallest 
possible range of variation of either brightness alone. The extent 
of this range over which no flicker is discernible determines the 
sensitivity of the photometer under the conditions prevailing when 
the experiment is made. The actual method of working of this form 
of photometer, and the precautions to be observed when using it, 
must be described in some detail, since when the colour difference 
between the lights to be compared is large it has been found that 
the errors of measurement, especially in the case of inexperienced 
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_ photometric observers, are considerably less with a flicker photo- 


meter than with a steady comparison instrument. This question 
will be referred to again later. 
The earliest forms of 


ofl P= Whitman (**) and ses, 2... Pes 
O. N. Rood (5), which de- Sted St a ees - 
pended on the intermittent 

presentation to the eye of A 
the two surfaces of a Ritchie Se ae es qa 
wedge (see p. 3), and that | —~ : ae im ) 


of Simmance and Abady (first 


form) (5°), which was an adap- Ritchie Compound . Field of 
tation of the Gas Referees’ “*49¢ Prism, View. 
modification of the Bouguer- Fig. 151.—The Principle of the Bechstein 
Foucault photometer (see Flicker Photometer. 

p. 2). 


A more accurate form is the Bechstein photometer (*4), in which 
a two-part prism is caused to rotate in front of a Ritchie wedge. 
The outer annulus (A) of this 
prism and its central part (B) 
have their refracting surfaces 
inclined in opposite directions, as 
shown in section in Fig. 151. 
The result is that, as the prism 
rotates, each side of the wedge 
is seen alternately in the inner 
aie ae a circle and the spi ring, and 
when the two sides are equally 
bright the flicker between annulus and centre disappears. 
Other widely used forms of the flicker photometer are those 
designed by Simmance and Abady (second pattern), 
and by L. Wild. The former is, again, a Ritchie BE 
wedge device (°°), the photometer “ disc” consisting 
of a double truncated cone of plaster of Paris a F 
having the form shown in Fig. 152. This figure 
gives the appearance of the disc in four positions 
at intervals of 90°. The construction of the simple 
disc will be made clear by reference to Fig. 153. 
The two cones are cut along the lines AC and HG, 
the portions ABC and HGH are removed, and the 
remaining parts are then fitted together. In use it 
is placed with its axis along the line joining the light G 
sources to be compared, and is then rapidly rotated 
so that first one and then the other comparison cH 
surface is presented to the eye, the dividing edge Fra. 153. pe 
moving to and fro across the field of view. Since — fonsumuetion 0! 
each conical surface owes its brightness entirely to Abady Disc. 
the lamp towards which it is inclined, it follows 
that, if the angles which the generators of the two conical surfaces 
of the dise make with the line joining the sources are exactly equal, 
then, when the brightnesses of the surfaces are equal, the illumina- 
tions due to the two sources will also be equal and the usual 
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photometric procedure can be followed. H. Kriiss has devised 
similar discs giving four and six instead of two reversals of field 
per revolution (5%). Dow’s cosine photometer (see note 87, p. 192) 
may also be used as a flicker instrument (*7). All the above instru- 
ments suffer from the liability to angle error inseparable from the 
use of the Ritchie wedge (see p. 152). var ; 
Wild’s photometer is an adaptation of the Bunsen principle (°°). 
A circular disc, of which one half is translucent and the other 
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Fie. 154.—The Wild Flicker Photometer. 


opaque, is set in rotation, and a small portion of its surface is observed 
on both sides simultaneously by means of the mirror and prism 
arrangement shown in Fig. 154. What is seen by the eye is a circular 
field with a thin black line, due to the vertical edge of the prism. 
On either side of this line there is a flicker due to the fact that, as 
already noted (p. 153), the brightnesses of the translucent and 
opaque parts of the dise are not equal on both sides of the dise at 
the same position of the photometer head. The position of balance 
is therefore not found by absence of flicker, but by equality of 
flicker in the two halves of the field. This is found to result in a 
much improved sensitivity, especially with a considerable colour 
difference, since it is not necessary to increase the speed to the point 
at which colour flicker entirely disappears in order to obtain a 
reading. With this photometer the liability to error owing to the 
oblique incidence of the light on the comparison surfaces is avoided. 
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It has been found (Wild, loc. cit.) that an accuracy of 0-5 per cent. 
with homochromatic lights, and 0-9 per cent. with red and green 
lights, can be obtained with this instrument. 

H. Kriiss has designed a flicker form of the Lummer-Brodhun 
head, but without the contrast field (5%). A simple back-and- 
forth movement of the dividing line between two adjacent 
co-planar fields has been used by A. H. Pfund in an adaptation of 
the graded contrast photometer (see p. 159) (°°), and a flicker form 
of the Joly block photometer (see p. 160) has been devised (1). 
Modern flicker instruments will be described later in this Chapter, 
but it will be desirable first to consider briefly the results of 
experimental work leading to the formulation of certain conditions 
which a satisfactory instrument of this type must fulfil. 

The Validity of the Flicker Method.—It is self-evidently essential 
that the results obtained by any method of photometry shall be in 
accordance with the ordinary laws of physical quantities, i.e., that 
two brightnesses which are found to be each equal to a third shall 
also be equal to each other, and that the brightness which results 
from the superposition of two illuminations shall be equal to the 
sum of the brightnesses due to each illumination separately (°). 
With lights of the same colour these laws are rigorously obeyed 
whatever the method of photometry adopted. For lights of different 
colours the laws have been found to apply to the results of measure- 
ments by the steady comparison method, at any rate approxi- 
mately (®), but the same is not universally true of the flicker method. 

The most exhaustive work on the subject is that of H. E. Ives (*). 
The use of the flicker photometer depends upon the physiological 
phenomenon that colour difference between the two halves of an 
alternating field disappears at a lower speed of alternation than 
brightness difference. For lights of identical colour flicker disappear- 
ance takes place when the two parts of the field are equally bright 
as judged by the steady comparison (often termed the “ equality 
of brightness?) method. When there is a colour difference, flicker 
may disappear when the comparison fields are slightly unequal as 
judged by the steady comparison method, the difference depending 
on the conditions under which the instrument is used. For example, 
the Purkyné effect (see p. 65), which causes a weighting of the 
bluer light at low intensities in the steady comparison photometer, 
is reversed in the flicker photometer (°°). This is shown very clearly 
by the curves of Fig. 155, which exhibit Ives’ results on the variation 
with field brightness of the luminosities of coloured lights as 
measured by the flicker method (°°). The scale of abscisse is a 
logarithmic scale of field brightness in photons (see p. 52). | Hach 
curve refers to light of a certain colour and shows the variation, 
with field brightness, of the luminosity of light of that colour in 
terms of the luminosity of white light. The horizontal line represents 
the relative luminosities at high values of brightness, and at every 
point of the curve the respective brightnesses of the two fields being 
compared are the same fraction of those brightnesses which were 
found to be equal at high illuminations. The reversal of the Purkyne 
effect is seen from the fact that the lower curves (red) rise above the 
high brightness line, while the upper curves (blue) fall below it, 
when the field brightness is less than about 60 to 70 photons (°”). 
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In the steady comparison method, when the field brightness is 
low, the effect of decreasing the size of the field of view is to decrease 
the Purkyné effect, i.c., the red is weighted more and more as the 
size of the retinal image is decreased down to about 2° (yellow spot 
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Fie. 155.—The Reversed Purkyné Effect in the Flicker Photometer. 


effect ; see p. 66). In the case of the flicker photometer this effect 
also is reversed, and the effect of decreasing the size of the field is 
to weight slightly the blue end of the spectrum. This is shown 
by the broken lines of Fig. 155, which refer to small fields. This 
reduction of the reversed Purkyné effect with small fields is only 
what would be expected if this effect in the flicker photometer were, 
like the true Purkyné effect of the steady comparison method, 
absent at the rod-free part of the macula (8%). The results of some 
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experiments by J. 8. Dow on (a) the effect of change of field size, 
and (6) the effect of change of brightness on the relative values 


obtained by the steady comparison and the flicker methods, are 
shown in Figs. 156 (yellow spot effect) and 157 (Purkyné effect) (®). 
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Fic. 156.—Comparison of the Yellow Spot Effect in the Steady Comparison and 
Flicker Photometer. : 


Dow varied the field size by altering the distance of the observer’s 
eye from a fixed aperture through which the photometric field was 
viewed. 

Errors and Reproducibility of Judgment.—Ives found that for 
a normal value of brightness of the photometer field (about 80 


09 


jo) 
@ 


oO 
N 


Ratio of Intensities (hea Greea) 
° 
top) 


al 3 4 
Field Illumination here Cavales) 
Fig. 157.—Comparison of the Purkyné Effect in the Steady Comparison and Flicker 
Photometers. 


photons) the error of measurement in comparing different parts of 
the spectrum with white light was, on the average, four to five times 
as great with the steady comparison as with the flicker method, 
although in the case of experienced observers it was only about 
twice as great (7°). The error by both methods was, naturally, 
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larger at the ends of the spectrum than in the middle. In the case 
of a lower level of brightness (3 photons) the difference between 
the errors obtained by the two methods was not nearly as great, 
being, in fact, negligible in the case of experienced observers. It 
should be noticed that the brightness of the photometer disc as 
ordinarily used is equivalent to about 3 candles per square metre 
seen through a normal pupil, or through an artificial pupil of 5 mm. 
diameter (Lummer-Brodhun eyepiece). The brightness is therefore 
of the order of 60 to 80 photons. The reproducibility of the measure- 
ments by a single observer after an interval of two months was 
found to be rather higher in the case of the flicker photometer. 
Apparently the criterion of equality is more liable to alter from day 
to day in the steady comparison than in the flicker method ‘Gs > 
The reproducibility for both methods diminishes as the brightness 
is decreased below about 6 photons. : 
Sensitivity.—The eye is more sensitive to flicker at high values 
of brightness than at low, so that higher speeds are necessary to 
cause disappearance of flicker when the illumination is increased. 
This is seen from the curves of Fig. 158, which show, for light of 


(cycles wer sec) 


NN 
(s} 


Freqtency of Alternation 
o 


10 100 
Brightness (Photons) 


Fic, 158.—The Effect of Field Brightness on Flicker Frequency. 


three colours compared with white light, the frequencies necessary 
to cause disappearance of flicker at various degrees of brightness (72). 
Ives found (loc. cit., note (°4) ) that the sensitivity was noticeably 
increased by enlarging the field of view from 1-86° diameter to 
8-6° x 5-16°. By averted vision, when the image of the centre of 
the smaller field was 8° from the fovea, the sensitivity was again 
decreased. Although this result appears to be contrary to the 
known fact that the peripheral part of the retina is more sensitive 
to flicker than the fovea (see p. 62), the explanation of the dis- 
crepancy is found to be that this extra sensitivity by averted vision 
is quite transitory, and is very quickly reduced to a negative value 
when this part of the retina is used continuously (73). Binocular 
vision has been found to give a slight increase of sensitivity in some 
observers (*4). 

Flicker Photometer Speed.—Some flicker photometers are so 
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- designed that it is difficult, if not im i 
; possible, to control the spe 

ote This seriously impairs the efficiency of the preiels ceirs 
or the range of absence of flicker increases with the speed (75) 50 
that it is clearly desirable to work at the minimum speed at which 
flicker just disappears. This minimum depends on the degree of 
colour difference worked with as well as on the field brightness, being 
roughly equal to bB* alternations per second, where B is the field 
brightness in photons, and a varies from 0-26 to 0-13, while b varies 
somewhat irregularly between 5 and 10 as the colour of the light 
compared with white changes’ from red to violet (7). 

_ Fig. 159 shows the frequency required for the elimination of 
flicker when a white light (tungsten lamp) is compared with lights 
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Fic. 159.—The Effect of Colour Difference on Flicker Speed. | 


at different parts of the spectrum, while Fig. 160 shows the variation 
of sensitivity with speed at three different values of field brightness, 
the curves in this case showing the range over which flicker is absent 
at various speeds when a green and a white light are compared. 

In general it may be said that the minimum speed. increases: 
with (i.) field brightness, (ii.) separation on the colour triangle (see 
p. 303), and (iii.) irregularity of the periods of exposure of the two 
comparison surfaces (*’). 

Theory of the Flicker Photometer.—Ives and Kingsbury have 
proposed (78) a theory of the behaviour of the eye under a transient 
or fluctuating illumination of the retina which, whatever its relation 
to the actual phenomena, at any rate gives a rational foundation 
for the outstanding characteristics of the eye’s behaviour when used 
with a flicker photometer. They suppose that the retina possesses 
a certain “ diffusivity ” for light energy, i.e., that the incidence or 
extinction of light on the retinal surface is not instantaneously 
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accompanied by the full corresponding visual sensation, but that 
there is a certain rate of growth or decay of sensation, which depends 
on (a) the magnitude of the sudden change in retinal illumination 
which the eye is called upon to appreciate, and (b) the colour of the 
light causing that change of illumination. The action may be 
illustrated by the behaviour of a lamp filament supplied with a 
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Fic. 160.—The Variation of Sensibility with Flicker Speed. 


regularly fluctuating current. For any given size of filament, change 
of temperature will lag behind the change of current which produces 
it, owing to the heat capacity of the filament, and, if the fluctuations 
be sufficiently rapid, the amplitude of the temperature oscillations 
will be much less than the amplitude of the I?R oscillations. 
For the same frequency of oscillation a thick filament will produce 
more lag, and therefore a greater reduction of amplitude in the 
temperature oscillations, than a thin filament. ‘If, then, the retina 
behave towards light of different colours in a manner analogous to 
the behaviour of filaments of different thicknesses under current 
oscillation, it will follow that 

(a) If two alternating lights of different colours, but of the same 
average intensity, fall on the retina, as shown by the imaginary curves 
r and 6 of Fig. 161, the result will be an outstanding flicker, as shown 
by the resultant curve a. This represents the result of taking two 
coloured lights on a vertical line in Fig. 150, 

(b) If two alternating lights of different colours fall on the retina, 
and their respective intensities are such that each has the same 
critical frequency, then, as shown in the imaginary curves r’ and b’ 
and a’ of Fig. 162, the result will still be a flicker, for, considering 
Fechner’s law, it is reasonable to assume that equality of critical 
frequency implies an equality of the amplitude of oscillation of 
intensity when expressed as a fraction of the mean intensity. This, 


then, represents the result of taking two coloured lights on a 
horizontal line in Fig. 150. 


HETEROCHROMATIC PHOTOMETRY 259 


It follows that neither equality of mean intensity nor equality 
of critical frequency, but some intermediate condition, will result in 
an absence of flicker at minimum speed. This theory has been 
developed (7°); and has been found to be in satisfactory qualitative 
agreement with the experimental facts described above, so that it 


Fia. 161.—The Theory of the Flicker Fic. 162.—The Theory of the Flicker 
Photometer (I.). Photometer (II.). 


may be regarded as capable of providing something more than a 
useful mental picture of the behaviour of the eye towards a flickering 
light. 

Best Conditions for the Flicker Photometer.—Ives concludes (®) 
that for the comparison of lights of different colours the flicker 
photometer is the most sensitive, and gives the most reproducible 
results of any of the ordinary photometric methods. At high 
illuminations it agrees with the steady comparison method when 
the latter is freed from the psychological uncertainties inherent in 
its use (81). Further, by a series of careful experiments, he has 
proved that brightnesses which measure equal to the same by this 
method also measure equal to one another, and the sum of the parts 
is equal to the whole (*?). He has suggested (*%) that the following 
are satisfactory conditions for the use of the flicker photometer :— 

(i.) An illumination of the comparison surfaces of at least 
25 metre-candles (of the order of 120 photons with a natural pupil), 
and 

(ii.) A photometric field of 2° diameter, surrounded by a bright 
field of about 25° diameter, maintained at approximately the same 
brightness as the photometric field. 

In addition to the above conditions, the following have been laid 
down by A. H. Taylor (84) as essential for accurate work in flicker 
photometry :— 

(iii.) There should be no dark ring between the photometric 
field and the surrounding bright field referred to in (ii.). 
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(iv.) When the moving parts of the flicker head are rotated 
slowly no shadows or unequally illuminated spots should be apparent 
in the field. | 

(v.) The two halves of the flicker field should be visible for equal 
lengths of time during a complete cycle (*°*). 

(vi.) The photometer head should remain stationary, and 
intensities should be balanced by moving one of the lamps. This 
lamp should move with little effort on the part of the observer. 

(vii.) In order to give smooth and steady running, it is recom- 
mended that a direct-current series-wound motor be run at or near 
its rated speed, a fly-wheel being used to give additional steadiness 
and a reduction of eight or ten to one being used between the motor 
and the moving parts in the head. 

(viii.) The flicker photometer is not suitable for continuous 
work on account of its fatiguing effect. It should be used only for 
periods not exceeding about an hour. 

Modern Forms of Flicker Photometer.—The conditions above 
laid down are fulfilled in at least two modern forms of flicker photo- 
meter. In the first of these, due to Ives and Brady (**), the Bechstein 
prism is used (see p. 251 and Fig. 151). The test lamp or sub- 
standard illuminates the diffusing surface M (Fig. 163), while a 


Axis of Photometer Bar. 2 i 10 cms j 


Fig. 163.—The Ives-Brady Flicker Photometer. 


comparison lamp / illuminates an opal glass screen O. The bright- 
nesses of these two surfaces are compared by means of a prism L-B, 
which is constructed on the Lummer-Brodhun principle, with a field 
of the form shown in detail at the bottom of the diagram. The 
field of view visible from # is made to travel over the interface of 
the prism by rotation of a small 10° prism P, as in the case of the 
Bechstein instrument. V is a variable neutral filter of the form 
described on p. 180, 


wee ee 
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Ives has also described a polarisation instrument, two forms of 
which are shown in Fig. 164 (87). Two images of each half of the 
photometric field are formed by the double-image prism W, and the 
dimensions of the apparatus are so chosen that the horizontally 


Fig. 164.—Ives Polarisation Flicker Photometers. 


polarised image of one half is superposed on the vertically polarised 
image of the other half. The Nicol prism N is rotated, with the 
result that the total brightness of the field seen at H is equal to 
B, sin? 6 + B, cos* @, where B, and B, are the brightnesses of the 
two individual fields. This expression is equal to 


1 

3|(B + B,) — (B, — B,) cos 20] 
so that the transition from one field to the other is not sudden, but 
follows a sine curve. 

An altogether different type of instrument is that shown in plan 
in Fig. 165 (88). Sis a white surface of magnesium oxide illuminated, 
by way of the total reflection prism P, by the light from one of the 
sources to be compared. W is a Whitman disc, which can be rotated 
at any desired speed about a horizontal axis. Its surface is covered 
with magnesium oxide and is illuminated by the other source of 
light so that, when viewed by the eye at H, the field of view seen 
through the small aperture A is alternately occupied by W and by VN. 
A is of such a size as to subtend an angle of 2° at H. It is cut with 
a sharp (back-bevelled) edge in a concave surface F’, which is also 
covered with magnesium oxide and is evenly illuminated by the 
small lamp ZL, the light from which is transmitted through a piece 
of opal glass and is diffusely reflected from the white internal surface 
F. If P, S and W be so arranged that the effective position of the 
front surface of S coincides with the white surface of W, this latter 
plane may be taken as the position of an infinitely thin photometer 
screen, so that no correction for thickness is necessary. L is adjusted 
to give F a brightness of about 8 candles per square metre, and the 
distances of the sources to be compared are then arranged so that 
the brightness of the field at A has approximately the same value. 
The test lamp and photometer are then fixed and measurements 
are made by moving the comparison lamp, the speed of rotation of 
W being reduced until flicker can be brought almost to disappear. 
Settings of the comparison lamp are then made to the point of 
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minimum flicker. It is to be noticed that the surfaces of S and W 
are made of the same material, and that they are so arranged that 
a slight angular twist of the photometer head causes the incident 
light to change inclination (relative to the line of view) in the same 


Fie. 165.—Guild’s Flicker Photometer. 


direction in both cases. Hence the angle error noticed on p. 164 
with regard to the Lummer-Brodhun head is of much less importance 
in this photometer. S and W are easily removable, so that the 
white surfaces can be readily renewed by holding them over burning 
magnesium ribbon. 

It will be clear that, in general, no form of sector dise can be used 
in combination with a flicker photometer owing to the introduction 
of stroboscopic effects. 

General Conclusions.—There seems to be no doubt that, while 
the steady comparison method is the best for comparing lights which 
do not differ greatly in colour, for a direct comparison with a con- 
siderable colour difference the flicker photometer is more satisfactory, 
especially with unpractised observers, when the above conditions as 
to illumination and field size are observed (8°). One fact which 
cannot be too frequently insisted upon is that in all heterochromatic 
photometry, whether by the steady comparison method or by the 
flicker method, the brightness of the photometer field should always 
be well above the limit of the Purkyné or reversed Purkyné effect. 
In addition it is most desirable that the size of field employed 
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should be specified. Wherever accurate photometric measurement 
1s necessary the introduction of a colour difference should, as far as 
possible, be avoided by the use of a properly standardised colour 
filter, or some similar device. This relegates the heterochromatic 
problem to the standardising laboratory, where a large number of 
observers are available to make measurements on several occasions 
under the most favourable conditions as regards accuracy (9°). 

The Choice of Observers.—It has been assumed throughout this 
chapter that the observers making measurements in heterochromatic 
photometry are normal as regards colour vision, i.e., that the curves 
they would individually obtain for the luminosity of the spectrum 
would not differ appreciably from that shown in Fig. 186 (%). 
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Fig. 166.—Transmission Curves of Solutions for Testing the Colour Vision of 
Observers. 


Undoubtedly there are many people who, while not noticeably 
colour-blind in the ordinary sense of the word, have peculiarities 
of colour vision, such as diminished sensitivity in some region of the 
spectrum, which render them unfit to make a comparison between 
lights of different colours (*). 

It is clearly impracticable to have each observer make a complete 
determination for his own eye of the luminosity curve, and a more 
rapid method of testing for departures from normal colour vision 
consists in the determination by the observer of the relative trans- 
mission factors of specified yellow and blue solutions (*). For 
observers with normal colour vision these solutions have the same 
transmission factor when used in a thickness of 1 cm. before a 
2-7 l.p.w. (4 w.p.c.) carbon filament lamp. The solutions are, 
respectively, 

(1) 72 grams potassium bichromate to 1 litre of water, and 

(2) 57 grams copper sulphate to 1 litre of water. 

Only observers, or groups of observers, who find for these solutions 
approximately equal transmission factors when used with a 2:7 L.p.w. 
lamp, should make observations in heterochromatic photometry, 
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although Ives and Kingsbury (4) have developed a method involving 
the use of absorbing media by means of which any observer can be 


corrected to normal. 
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CHAPTER Ix 
SPECTROPHOTOMETRY 


Ty ordinary photometry the light emitted by a source is measured 
as a whole, and quite irrespective of its spectral distribution, é.e., of - 
the relative intensities of the components of different frequencies. 
For many purposes, however, including heterochromatic photometry 
by certain methods (see p. 240), it is necessary to know in what 
manner the integral light is made up of its spectral components. 
In order to obtain this information it is necessary first to disperse 
the composite light by some device, such as a prism or grating 
(see p. 24), and then to measure the intensity of each component, 
or, in practice, the small group of components lying within a certain 
narrowly-restricted region of the spectrum. 

This measurement was at first made by comparing the light 
emitted by a source within given limits of frequency with the total 
light given by the same or any other convenient source (1), or by 
using some “absolute” criterion for estimating its intensity (), 
such as visual acuity (°) or the reduction necessary for extinction. 
In all modern spectrophotometry, however, the light emitted by the 
source under examination is compared with that given by a standard 
source in the same spectral region. If the spectral distribution of 
the light given by the standard source be known, a comparison of 
this kind at every part of the spectrum gives at once the spectral 
distribution of the light from the test source (+). 

The Standard of Spectral Distribution—The most fundamental 
form of source giving light of a known spectral distribution is the 
“black body,” or ‘‘ complete radiator,” described in Chapters IT. 
and V. (pp. 33, 132), which, when operating at the temperature 
of melting palladium (1,829° K.), gives radiation having the spectral 
distribution shown in Fig. 167. Unfortunately, this temperature 
is so low compared with that of most modern light sources that the 
comparison at the blue end of the spectrum becomes very unsatis- 
factory, and it is therefore desirable to use a black body at a higher 
temperature as a standard of reference (see p. 133). The use of this 
form of black body is attended with considerable experimental 
difficulties, and its employment as a standard of spectral distribution 
is therefore generally confined to the standardising laboratory, 
some more convenient, though less fundamental, radiator being 
used in ordinary work. The acetylene flame in various forms has 
been employed extensively for the purpose and its spectral distribu- 
tion has been very carefully determined (°). Tungsten, although it 
does not radiate in exactly the same manner as a black body, does 
so sufficiently closely within the visible spectrum for the spectral 
distribution curve of a tungsten filament glow lamp to be used as 
a standard of reference within the limits of accuracy generally 
required (°). 
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True Temperature, Colour Temperature, and Black-Body Tempera- 
ture.—It is convenient to refer here to the terms commonly used 
for describing the radiation characteristics of a body. The true 
temperature is defined as the temperature of the body as ‘measured 
on the Kelvin thermodynamic scale (7), or, what is equivalent to 
it for most practical purposes, the gas thermometer scale given by 
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Fira. 167.—The Energy Distribution from a Black Body at 1,829° K. 


the relation P « 7’, where P is the pressure of a given mass of an 
ideal gas, such as hydrogen, maintained at constant volume. 

The “ black-body ” temperature (sometimes called the ‘“ bright- 
ness > temperature) of a body is the temperature of the black body 
whose brightness is the same as that of the body in question at a 
given part of the spectrum, generally a fairly narrow region in the 
neighbourhood of v = 15,400 (A = 0-650). For a body which 
radiates at all frequencies exactly as a black body, the “ black-body 
temperature ’’ is necessarily identical with the true temperature. 
For all other bodies giving purely thermal radiation (8), 7.e., most 
solid bodies radiating under open conditions, the “ black-body 
temperature ’’ cannot be greater than the true temperature, since 
the emissivity of such a body cannot exceed that of a black body 
at any part of the spectrum (see p. 34), and therefore at the par- 
ticular frequency at which measurements are made. 


i 
v 


SPECTROPHOTOMETRY 271 


For some bodies of practical importance in photometry (e.g., 
platinum and tungsten) the emissivity is a nearly constant fraction 
of that of a black body for all frequencies in the visible spectrum, 
but not for every frequency. In these cases the colour of the light | 
emitted is nearly the same as that from a black body at the same 
true temperature. If the emissivity be slightly higher at the red 
end of the spectrum, it will be possible to obtain a sensation colour 
match (?.e., one which will appear correct to the eye) when comparing 
the body with a black body at a slightly lower temperature, while 
if the emissivity of the radiating body increase slightly towards the 
blue, the light from the body will give a sensation colour match with 
that from a black body at a temperature which is slightly higher 
than the true temperature of the body. In either case, the tempera- 
ture of the black body which gives light of the same apparent colour 
as that given by the radiating body, is known as the “ colour 
temperature ’’ of that body (%), and this, clearly, may be either 
higher or lower than the true temperature of the body, owing to the 
inability of the eye to distinguish between the hues of lights of 
slightly different spectral composition (1°). é 

Fig. 168 will illustrate the difference between the true and the 
*‘ plack-body ”’ temperatures. Curve A shows the radiation from 


E nergy Arsicrary Livtes ) 


Cave Number (Thousands per cua) 


Fra. 168.—The Relation between True Temperature and Black Body (Brightness) 
Temperature. 


a black body at a temperature of 2,220°K. Curve B shows the 
radiation froma grey body with emissivity 0-20, radiating at 2,220° K. 
Curve C shows the radiation from a black body at a temperature 
of 1,910° K. It will be seen that B and C have the same ordinate 
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at v = 15,400 (A = 0-650 p), so th ok ee 
_ of the grey body, measured at this frequency, is 1,910° K. Sinc 
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the light from a grey body will match in colour that from. a I 
body at the same temperature, as indeed is obvious @ prior. 
Fig. 169 curve A shows, as before, the radiation from a black body 


ordinates of curve B are proportional to those of A,i 
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Fia. 169.—The Relation between True Temperature and Colour Temperature. 


at 2,220° K., while curve B now represents that given by a body at 
the same true temperature, but having an emissivity varying from | 
0-8 at v = 15,000 to 0-5 at vy = 20,000. Curve C shows the radiation | 
curve of a black body at temperature 1,955° K. It will be seen that 

the ordinates of curve B are everywhere so closely the same as those 

of curve C multiplied by the constant factor 2-93 (small circles) 

that the light given by the radiating body would match that from 

the black body at 1,955° K. very closely indeed. The ‘“ colour 
temperature ” of the body would therefore be 1,955° K., i:e., 265° 

lower than its true temperature. 

Since, at any given temperature, a black body has the greatest 
possible emissivity at all frequencies (see p. 34), it follows that the 
brightness temperature of a body can never exceed its true tempera- 
ture. The colour temperature may, however, be either greater or 
less than the true temperature, as stated above. 

The Tungsten Lamp as Radiation Standard.—A slightly selective 
radiator, such as a tungsten filament electric lamp, may, then, be 
used as a standard of spectral distribution by regarding it as the 
equivalent, for practical purposes, of a black body operating at the 
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_ “colour temperature” of the lamp. This colour ‘temperature is 


given by the relation (curve A, Fig. 170) 

logy) L/W = 2-854 log,, (T’ — 1,205) — 7-840, 
where L/ W is the efficiency of the lamp in lumens per watt, corrected 
for the cooling effect of the leading-in wires and filament supports (1"). 


From this relation it will be found that a tungsten lamp operating 
at an efficiency of 5-5 l.p.w. (1-8 w.p.m.h.c.) may be assumed to emit 
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Fie. 170.—The Relation between Colour Temperature and Efficiency for Electric 
Lamps. 


light of the same spectral distribution as a black body at 2,220° K., 
1.e., its spectral distribution curve has the form shown in Fig. 168. 
A similar relation for a carbon lamp is (curve B, Fig. 170) 
log,) L/W = 2-789 log,, (7 — 1,270) — 7-724, 
Carbon behaves as a black body more closely than tungsten (1%), 
but it cannot be used at any temperature above about 2,000° K. 

When electric glow lamps are used as standards of spectral 
distribution it has to be remembered that the effect of blackening 
of the bulb, which takes place gradually as the lamps are used, is to 
lower the apparent temperature of the filament (1%). 

The accuracy with which it is possible to make a colour match 
is, in the case of experienced observers, about one-quarter of 1 per 
cent. in temperature (1*). 

A colour temperature scale may, clearly, be set up by means of 
the leucoscope (see p. 244), using a convenient source of known 
colour temperature (1°). 

The Spectrometer.—In the foregoing sections a description has 
been given of the manner in which a standard of spectral distribution 
may be obtained. The remainder of this chapter will be devoted to 
a description of the methods which may be employed for comparing 
the spectral distribution of the unknown light with that from the 
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standard. Every such method necessarily involves the production 
of a spectrum, either by a glass prism or a grating (2°), and an 
essential part of every spectrophotometer is a device by means of 
which any part of the spectrum may be isolated and observed. All 
such devices are based on the instrument known as a spectrometer, 
the principle of which will be clear from Fig. 171, where a section in 
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Fic. 171.—The Principle of the Spectrometer. 


the plane defined by the path of the light rays is shown. C is known 
as the collimator, and has, at the end nearest the source of light, a 
narrow slit S, which is at the focus of O, a converging lens system. 
S receives light from a diffusing surface D, which is large enough 
to enable the light passing through S to fill the aperture of the 
collimator completely. The light admitted by S is converted by O 
into a parallel beam with the wave front perpendicular to the direc- 
tion of propagation (see p. 23). It then traverses the dispersion 
prism P, and thereby undergoes a deviation which varies in amount 
according to the refractive index of the prism material for light of 
different frequencies (see p. 24). All the light of any given fre- 
quency remains, however, in a parallel beam and, traversing a 
second converging lens O’ at one end of the telescope 7’, it is brought 
to a focus at F’, where, in fact, an image of S in light of that particular 
frequency is formed. It is clear that if the light admitted at S be 
not homogeneous a series of images of S will be formed at F, one 
corresponding to each frequency present in the original light. 
Further, the images formed by the less deviated (red) light will be 
on the right (7), while the images formed by the more powerfully 
deviated (violet) light will be on the left (v). These images are viewed 
by means of an ordinary Ramsden eyepiece EF. 

Calibration of the Spectrometer.—In instruments provided with 
an ordinary 60° prism the telescope is movable about the vertical 
axis of the instrument in order to allow the different images to be 
viewed in the eyepiece. In most modern instruments the form of 
prism shown in Fig. 14 is used (17), and the telescope is fixed with 
its axis perpendicular to that of the collimator. The image of S 
formed in light of any particular frequency is brought into the field 
of view of H by rotating the prism about the vertical line in which 
the plane bisecting the 90° angle of the prism intersects its reflecting 
surface (18). Before using the instrument it is necessary to calibrate 
it carefully throughout the visible spectrum, 7.e., to draw the curve 
connecting frequency with angular reading. For this purpose 
vacuum tubes containing helium, hydrogen, efc., are convenient. 
The angles at which the prominent lines in the spectra of these 
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- elements (*°) appear in the centre of the field at # are plotted against 


the frequencies of those lines and the points joined by a smooth 
curve. The whole of the visible speetrum should be calibrated in 
this way, at least thirty points on the curve being taken. 

It should be noticed that the breadth of the image of S formed 
by light of any given frequency is proportional to the width of S,° 
and that if S be displaced so is the image. Hence, it follows that a 
symmetrically opening slit should always be used at S, for otherwise 
the centre of the image shifts as the width of the slit is altered, and 
so the mean frequency corresponding to any angle of the telescope 
or prism is changed. f 

In some spectrometers, particularly those of the constant- 


. deviation (movable prism) type, the prism table is rotated by means 


of a screw provided with a drum head marked in wave-lengths. 
The calibration of this drum head can clearly be true only for one 
position of the prism. Calibration, in this case, consists in de- 
termining the errors in the scale with the instrument adjusted as 
it is to be used. An angular calibration is still necessary if reduction 
to a normal spectrum is desired (see next section). 

When the light to be examined consists of a limited number of 
homogeneous components a corresponding number of images of S 
is seen in #, but in any other case the number of images is infinite, 
or at any rate so great that they overlap, and what is actually 
observed is a long band of light of every spectrum colour, from red 
at one end to violet at the other. Reduction of the breadth of S 
produces two results, viz., (i.) the breadth of each image, and 
therefore, in the case of a continuous spectrum, the brightness of 
the band of light, is everywhere reduced in the same ratio as the 
slit width, and (ii.) the reduction of the image breadth decreases 
the range of frequency of light present at any given point of the 
spectrum, so that the “ purity ”’ of the spectrum is increased. For 
if the distance between the centres of the images corresponding to 
frequencies v and v + dv be dz, the ratio dz/dv is known as the 
length of the spectrum at frequency v, and it follows that, if the 
image breadth at this frequency be /, then at any given point of 
the spectrum the one edge of the image formed by light of frequency 
vy will coincide with the other edge of the image formed by light of 
frequency v + U(dv/dx). Hence at any point of the spectrum the 
brightness is due not to light of frequency v alone, but to light of 
all frequencies lying between v and (v + ldv/dx), and this range is 
directly proportional to 1, the slit width, and to dv/dx, which is 
the inverse of the spectral length at the mean frequency. Owing 
to diffraction, there is a theoretical limit to the degree of purity 
that can be obtained in the continuous spectrum given by a spectro- 
meter. Although this limit can only be reached by the use of an 
infinitely narrow slit, yet a purity only 6 per cent. less than the 
maximum can be obtained with a slit width equal to f/2vD, where 
f and D are respectively the focal length and diameter of the 
collimator lens (2°). For most spectrometers f/D is about 16. The 
use of such a narrow slit as that indicated by this formula is generally 
impossible, except when dealing with the middle part of the spectrum 
of a very bright source. 

Prismatic Dispersion.—It was pointed out in Chapter II. (p. 26) 
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that the frequencies in the spectrum formed by a grating were so 
distributed that dA/dz was constant throughout the spectrum (to 
the accuracy with which tan 6 = sin @). In the case of a prismatic 
spectrum, however, no such simple relation between frequency and 
separation can be found, for the refractive index of glass is not a 
linear function of the frequency of the light, so that the spacing in 
the spectrum is uneven and is, moreover, different for different kinds 
of glass. It follows that, owing to the overlapping of the images of 
the slit, the total light reaching any given point of the spectrum is 
greater at the parts where the crowding of the images is denser, 
7.e., where the dispersion is less, and vice versa (**). 

Although this effect has not generally to be allowed for in visual 
spectrophotometry where, as will be seen later, both the spectra 
compared are equally affected, it does enter into the slit-width 
correction to be described at the end of this chapter. Moreover, in 
the determination of spectral energy distribution by any absolute 
- method as, for example, by means of a thermopile (see p. 319), the 
correction for dispersion must always be made, for what is required 
is the energy within a given wave-number (or wave-length) interval, 
and the interval included by the spectrometer slit is different for 
different parts of the spectrum. In fact, if the calibration curve of 
the spectrometer be plotted, its differential gives the multiplying 
factor to be applied at each frequency to convert prismatic intensity 
to the intensity in an even frequency spectrum. For if dy be the 
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Fie. 172.—Typical Dispersion Curve for a Glass Prism. 


effective shit width at wave-number v, while [, and J, are respectively 
the prismatic and the even-frequency intensities, then J,/8y = J ee 
typical dispersion curve is shown in Fig. 172. 

The Spectrophotometer.—From what has been said above it will 
be clear that every spectrophotometer consists of the following two 
principal parts :— 

(i.) Apparatus for analysing the light given by the two sources 
to be compared, and for presenting to the eye, in a manner suitable 
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for photometric comparison, a limited region of the spectrum from 
each source. 

(ii.) Means for readily altering the brightness of one or both 
parts of the spectral field in a continuous and known manner. 

The first part consists of an optical device similar in action to 
a spectrometer, the light from the two sources compared being 
admitted either into two separate collimators or, by two slits (or 
different parts of a single slit), into a single collimator. When two 
slits are used the light from the sources may conveniently be 
refiected on to them by means of total reflec- 
tion prisms, as shown in Fig. 173 (22). 

There are two principal types of spectro- 
photometer field. In one of these the lights | 
to be compared are presented to the eye in the lead 
form of two spectral bands placed one above ae 
the ies shutters being provided for isolat- ; 
ing the particular portion of the spectrum 
being studied. In the other form of field the of Sheen 
Maxwellian view is employed (see p. 109), so 5,, 373.Double Pris 
that the field appears homochromatic, although “Attachment for a Spee! 
the light entering the eye is not strictly homo- _ trometer. 
geneous. These two types of field will be ; 
referred to as the juxtaposed spectra type and the homochro- 
matic field type respectively. The latter type generally gives 
a more satisfactory form of field as regards accuracy of equality 
match. The precautions to be observed as regards size of image 
when the Maxwellian view is used have already been mentioned 
(see p. 110). The purity of the field is naturally governed by the 
breadth of the ocular aperture or of the natural pupil, whichever is 
the smaller. The juxtaposed spectra type of field possesses the 
advantages that (i.) stray light is comparatively unimportant, and 
(ii.) any rapid changes in intensity of either spectrum can be at 
once seen, and the degree of uncertainty arising from this cause 
(see p. 287, infra) can be estimated. 

The necessity for a fine and sharp line of demarcation between 
the comparison surfaces as seen by the eye is just as important in 
spectrophotometry as in ordinary photometry (?%), and many of the 
older forms of spectrophotometer fail in this respect. 

The means used for brightness control in ordinary photometry 
may also be employed in spectrophotometry, but the inverse square 
method is not generally suitable, since it is important to have very 
bright comparison surfaces (especially when working at the ends 
of the spectrum, where the luminosity is low), and the distances 
from the source to the spectrometer slit are, therefore, generally 
of the order of a few centimetres (**). 

Stray light, due to reflections from the sides of the collimator 
or telescope if the diaphragm system be not perfect, and to scatter- 
ing from the glass surfaces due to dust or scratches, is sometimes 
a cause of inaccuracy in spectrophotometry, particularly at the 
ends of the spectrum, where the luminosity is low. This trouble 
may be avoided by the use of suitable filters over the eyepiece. 
A filter having a high transmission in the red end of the spectrum 
and a low transmission elsewhere is Jena 4512 (or Corning G 24), 
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while for use in the blue end Jena 3654 (or Corning G 585) is 
suitable. 

Early Spectrophotometers.—The first instrument (after those 
mentioned on p. 269) was that of Vierordt (7°), in which the 
diaphragm method of brightness control was employed. This 
instrument consisted simply of a spectrometer in which the colli- 
mator was provided with a divided slit. Each half of the slit was 
illuminated by one of the sources to be compared, and the widths 
of the two halves were separately adjusted until the portions of the 
two spectra seen in the eyepiece were equally bright. 

The method of equality adjustment by alteration of slit width, 
even when symmetrically opening slits are used (?°), is unsatisfactory, 
both from a practical and a theoretical point of view. It is necessary, 
in order to obtain the requisite range at different parts of the 
spectrum, to use a slit width varying from at least 1 mm. to a few 
hundredths of a millimetre. In the former case the spectrum is very 
impure (see p. 275), and in the latter case an error of 1 per cent. 
is produced by an inaccuracy of less than 0-001 mm., and diffraction 
effects introduce considerable uncertainty into the measurements. 
The results are further complicated by the fact that the correction 
to be applied on account of slit width varies according to the width 
employed. It is therefore desirable in spectrophotometry always 
to work with a fixed slit, so that the correction for slit width may 
be applied with certainty (see p. 287). 

The Lummer-Brodhun Spectrophotometer.—In this 
instrument (7”) two separate collimators, C, and C, 
(Fig. 174), are used for the two sources being com- 
pared. The parallel beams from C, and C, traverse 
a Lummer-Brodhun prism Z and the dispersion prism 
P, and then enter the telescope 7’, which is focussed 
Cc on the interface of Z. Since the division between the 
two parts of the field must be sharp, and must dis- 
appear at the point of balance, 
the dividing lines in L are 
necessarily horizontal (#8), and 
when the contrast principle is 
used the field has the form 
shown in Fig. 175. For the 
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adjustment of the two parts of the field to equality either a 
variable sector disc, a variable slit in one collimator, or alteration 
of the distance of one of the sources from its slit may be used. 
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A convenient form of disc for this purpose is that of Brodhun, 
described in Chapter VI. (p. 178), or a special form of disc with 
openings as shown in Fig. 176 (29). The 
curves forming the edges of the sectors 
are such as to give an approximately 
uniform percentage rate of change of 
transmission for a given alteration of d, 
the radial distance of the slit from the 
disc axis. The disc is mounted on a 
carriage, which can be moved along a 
“vee ’’-shaped track in a casting to which 
the base of the spectrometer is rigidly 
attached. The distance d is varied by 
moving the disc carriage along this groove 
by means of a screw, and is measured on yg. 176.—Hyde’s Sector Disc 
a millimetre scale attached to the base at for Spectrophotometry. 
the side of the groove, a movement of 
0-1 mm. at any position giving an alteration of about 0-8 per cent. 
in the value of the transmission factor at that position. . 
Other instruments, somewhat similar in principle to the Lummer- 
Brodhun, are (i.) the Brace spectrophotometer (°°), in. which the 
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Fig. 177.—The Brace-Lemon Spectrophotometer. 


photometer prism and the dispersion prism are combined as shown 
in Fig. 177, a central strip of the interface between the two halves 
ABD and ACD being silvered before these are cemented together, 
and (ii.) the differential spectrophotometer (*"), in which the equality 
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of field is produced by variation of the collimator slits, the movement 
being so arranged that the sum of the two slits always remains 
constant. The diaphragm method of equality adjustment has also 
been used, the beams to be compared passing through stopped lenses 
before they reach the spectrometer (**). 

Another instrument, similar to the Lummer-Brodhun, but based 
on the Hilger constant deviation spectrometer, is that shown diagram- 
matically in Fig. 178 (3). A second collimator is mounted above and 
parallel to that of the spectrometer by means of two supports A and 
B, one of which is provided with adjustments for securing exact 
parallelism of the collimators. An image of the luminous disc of a 
- 500c.p. “ pointolite ’ lamp is focussed on the slit of each collimator by 
means of lenses C and D and achromatic prisms Z and F._ The photo- 
metric prism G is built of two parts, a parallelopiped and an isosceles 


Fie. 178.—Guild’s Spectrophotometer. 


prism. <A central strip of the hypotenuse face of the latter is ground 
away, and the remainder put in optical contact with one of the short 
faces of the parallelopiped to form a composite prism of the shape 
indicated in the figure. Light from the lower collimator passes 
straight through this prism except at the part of the interface where 
there is no optical contact. Light from the upper collimator is 
totally reflected down the prism by the first inclined face. At the 
part of the interface where there is no optical contact it is totally 
reflected in a direction parallel to the beam from the lower collimator, 
whereas at the regions of optical contact it passes straight down and 
is lost. After passing through the dispersing system of the spectro- 
scope the two beams are focussed as superposed continuous spectra 
in the focal plane of the telescope H. The eyepiece of the latter is 
replaced by a slit, and an eye placed there sees the interface of the 
prism G as a photometric field of three horizontal strips, the central 
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one of which is illuminated by light from the upper collimator, and 
_ the outer ones by light from the lower collimator. The brightness 
match is obtained by means of a series of sector discs of the type 
described on p. 178, the interval between successive discs being 
bridged by means of a double neutral wedge placed in front of the 
lower slit. 

In all these instruments the homochromatic type of field is used. 

Polarisation Spectrophotometers.—A number of different spectro- ~ 
photometers depend on the polarisation method of intensity varia- 
_ tion (#4). In many of these a single collimator is used, and an image 
of one part of the slit formed by light polarised in one plane is 
compared with an image of the other half, either unpolarised, or 
polarised in the perpendicular plane. A Nicol prism placed in the 
path of the light is used for producing the photometric balance, as 
in the Martens polarisation photometer (see p. 173). Of the spectro- 
photometers of this class the most commonly used is probably that 
designed by Konig and modified by Martens (7°). Fig. 179 shows 
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Fic. 179.—The Kénig-Martens Spectrophotometer. 


diagrammatically a section through the instrument perpendicular 
to the plane of the light rays, the bend of the rays at P being ignored 
for the sake of clearness. The light from each of the two halves of 
the slit, a and b, after passing through the dispersion prism P, enters 
the Wollaston prism W and, after separation into two parts polarised 
in mutually perpendicular planes, passes through the biprism B and 
forms, therefore, four series of images of both a and b. Of these 
four series of images of a, two, viz., a, and ag, are polarised in one 
plane and are formed respectively by the two parts of the biprism, 
while the other two, a’, and a’,, are polarised in the perpendicular 
plane. One series of images of a, viz., dg, is caused to coincide with 
one series of images of 5, viz., b’;, and the remaining images are 
stopped off so that an eye placed at any point along the line formed 
by the two series of images sees the part 2 of the biprism bright 
by reason of light from a which is polarised in one plane, and the 
part 1 of the biprism bright by reason of light from 6 which is 
polarised in the perpendicular plane. A Nicol prism placed in the 
path of the light at V,, and capable of rotation about an axis lying 
along the direction of the light rays, gives a means of determining 
the ratio of the intensities of the two images just as in the ordinary 
Martens photometer. The position of the eye along the line of 
images (perpendicular to the paper) determines the frequency of 
the light for which the comparison is made. In practice the eye is 
not moved in order to make comparisons at different frequencies, 
but the prism P is rotated about an axis perpendicular to the plane 
containing the collimator and telescope axes until the image formed 
by light of the desired frequency is formed at the position of the 
eyepiece. The plane of the light rays through the spectrometer is 
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generally vertical in the Kénig-Martens instrument, and horizontal 
in most other forms. Two prisms of small angle, p,; and ps, are 
introduced for the purpose of diverting light reflected from the 
surfaces of the various optical elements. 

Other spectrophotometers employing the polarisation method 
of brightness adjustment are those of Glan (*°), whose instrument 
is very similar in principle to that of Kénig-Martens, except that 
there is no biprism, so that two images of each slit are produced 
instead of four. In Glazebrook’s instrument (#7) two widely- 


separated beams are polarised in mutually perpendicular directions ~ 


by two Nicol prisms, and equality is produced by the rotation of a 
third Nicol. In the Crova form (#5) there are two Nicols in one of 
the beams to be compared, so that the brightness of this beam is 
proportional to sin? 0, where @ is the angle between the two Nicols. 
The instrument suggested by Zenker is similar, but has three Nicols, 
the centre one being moved so that the brightness varies as sin* 6 (3%). 
All these instruments have the juxtaposed spectra type of field. 
H. Wild has devised a modification of his polarisation photometer (*°) 
(see note (33), p. 11), in which the criterion of equality is absence 
of polarisation as indicated by a Savart polariscope (*4). K6nigs- 
berger (47) has designed a spectrophotometric addition to his micro- 
photometer (see note (71), p. 408) in which the same criterion of 
equality is used. 

The Brace instrument (see p. 279) has been improved by the 
insertion of a polarising device in one beam, instead of the variable 
slit originally used to obtain the photometric balance (#). This 
modified form, known as the Brace-Lemon spectrophotometer, is 
shown in Fig. 177. 

Instruments for use with Spectrometers.—Several instruments 
have been devised for use in combination with any form of 
accurate spectrometer (44). Of these the first was that of G. 
Hiifner (*°), who employed a rhomb of the form shown in Fig. 91 
(p. 160) in front of the slit so as to produce an effective division of 
the slit with a very sharp line of demarcation. The light entering 
one half of the rhomb was polarised by means of a Nicol prism, and 
photometric balance was obtained by means of a movable Nicol placed 
in the ocular of the spectrometer. A similar instrument has been 
designed in which the diaphragm method of equality adjustment 
is used instead of the polarisation method (46), In Féry’s instrument 
the double neutral wedge method of intensity adjustment is 
employed (#”). ; 

Other instruments designed to be used with an ordinary spectro- 
meter are those of Ives (homochromatic) and Nutting (juxtaposed 
spectra) (48). The last named, as subsequently modified by Adam 
Hilger & Co., of London, has the form shown in Fig. 180. The two 
parallel beams of light to be compared enter the apertures A and B 
of the photometer. The beam entering the photometer at A is 
totally reflected at the face a of the prism P,, and again at the 
silvered upper and lower parts of the face b. This face, however 
is in optical contact with the prism P, over a central horizontal 
unsilvered strip about 2-5 mm. broad, as shown in detail in the 
figure. It follows that the light from A which reaches this band 
travels on without reflection and is absorbed in the blackened wall 
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of the photometer box. The light entering at B passes through a 
fixed Nicol prism J, and is transmitted dete anaes the ented 
parts of the prisms P, and P, where the surface b is unsilvered 
while the upper and lower parts of this beam are reflected to the wall * 
of the box and there absorbed. Thus the beam leaving b consists 
of three parts, the upper and lower, unpolarised, from A, and the 
centre strip, plane polarised, from B. This tripartite beam then 
passes through a second Nicol prism N,, which is capable of rotation 
at will about its axis. The centre part of the beam is therefore 
reduced in intensity by the factor cos? 0, where 6 is the angle between 
the optic axis of N, and the (fixed) optic axis of N,. The light 
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passing through N, is made approximately parallel by adjusting 
the position of the lens C, according to the distance of the light 
source from the apertures A, B (4%). C, is then moved so that the 
edges of the silvered parts of b are focussed sharply on the spectro- 
meter slit. The appearance of the field seen at H is, therefore, as 
shown in detail at the top of the figure, the brightness and purity 
of the spectrum being governed by the width of the slit S;. The 
spectral range seen is adjustable by means of sliding shutters 8. 
These isolate a field of any desired breadth on either side of the 
pointer which indicates the exact region corresponding to the wave- 
length shown on the rotating cylinder head H of the prism. The 
centre part of the field is brought to equality with the upper and 
lower parts by rotating N,. If @ be the angle at which equality is 
found, the ratio between the intensities of the beams entering A and 
B respectively, viz., Ip/I 4, is cos? 6/cos* «, where « is an instrumental 
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constant found by a measurement in which the same source 
illuminates both apertures, so that 1, = J ,. 

In addition to the angular scale giving 6 directly in degrees, 
’ there is a second scale giving values of —2 log,, cos 6. It follows that 
if the reading on this scale be a when the two sources are being 
compared, and b when the same source is illuminating both aper- 
tures, then a = — log,, cos? 0, and b = — logy, cos? a, so that 
(6 — a) = log,, (cos? 6/cos? «) = logy, (Ig/L 4). 

When the instrument is being used, not for the comparison of 
two different sources, but for the measurement of the transmission 
factor of a filter for light of various frequencies, the total reflection 
prism C is removed, and the double prism arrangement shown in 
Fig. 181 is placed at a fixed distance from a single source. This 
prism arrangement forms two beams 
(with parallel axes), which enter the 
apertures A and B, and the filter is 
placed in the path of one of them. 
The measurement is then made as 
before, and in this case the trans- 
mission factor of the filter is given 
by 7, = cos” 6/cos? «, where 7, is the 
factor for light of wave-numbery, the 
wave-number indicated by H when 
the comparison is made. On the 

Fic. 181—The Double Prism for Use other scale this becomes (b — a) = 
with a Spectrophotometer for the logs) 7, 80 that 7, = 10°- ¢. 

meee? a a If the instrument be carefully 

adjusted so that « = 0, then 
6 = 0 and logy, (1007,) = 2 + log,, cos? 6 = 2—a, so that the 
percentage transmission = 10°. 

This instrument possesses the double advantage that it can be 
used in combination with any good spectrometer, and the wide 
separation of the apertures A and B permits the measurement of the 
transmission factor of a filter of ordinary size at any part of its 
surface, and not only at the edge. 

In a later model two auxiliary Nicol prisms are used, one behind 
each of the apertures A and B. By this means the two incident 
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Fic. 182.—The Bellingham-Stanley Spectrophotometer. 
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Another instrument designed for use in combination with a 
spectrometer is that shown in elevation in Fig. 182 (51). The two 
comparison beams from the light source Z pass into the instrument 
at A and B. The beam B passes through a fixed Nicol prism NV, 
and then, by way of a total reflecting prism P of special form, 
through the lower calcite plate C,. The beam A passes through the 
movable Nicol NV, and the upper calcite plate C,. The calcite plates 
are of such dimensions and so cut with respect to the optic axis of 
the crystal that only the extraordinary ray is transmitted (52). The 
two beams illuminate S, the collimator slit of the spectrometer. 

This instrument has been designed for use with the form of 
spectrometer shown in plan in Fig. 183 (51). The light entering 


Fic. 183.—The Bellingham-Stanley Spectrometer. 


S is reflected by the prism R& to the concave mirror M, and thence 
to the dispersing prism P. This prism is silvered on the back surface 
and so reflects the light back to M, from which it is again reflected 
to the eyepiece. The focal length of M is such that an image of S 
is formed at S’. The frequency of the light reaching S’ depends 
upon the position of the prism P, which can be rotated by means 
of the arm and micrometer screw G. 

The field of this spectrophotometer is, again, of the juxtaposed 
spectra type. The photometric balance is obtained by rotating NV, 
until equality is obtained. It will be seen that the planes of polarisa- 
tion of the beams reaching S are strictly parallel. 

A source of error which has to be carefully considered in the 
design of polarisation spectrophotometers is the partial polarisation 
introduced by passage through glass surfaces, such as those of the 
dispersion prism. According to Fresnel’s equation (°*) (see p. 112), if 
unpolarised light fall on a reflecting surface (such as a glass surface) 
at an angle of incidence 6, and if 0’ be the angle of refraction, the 
reflection factor for light which is polarised in the plane of incidence 
is p,; = sin? (6’ — 6)/sin® (6’ + 6), while for that polarised in the 
perpendicular plane it is pp, = tan? (6’ — 6)/tan® (#’ + 0). The 
corresponding transmission factors will be 7, = 1 — p,; and tp = 
1 — pp». Since in a prism at the angle of minimum deviation (the 
usual arrangement in a spectrometer) the angle of incidence on 
entering the prism is equal to the angle of refraction on leaving 
it (54), the transmission factor of the whole prism for light polarised 
in the plane of incidence is (1 — p,)®, while for light polarised in the 
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perpendicular plane it is (1 — pp)? (neglecting absorption in both 
cases). The values of these factors for a 60° prism for which 
= 1-658 are respectively 0-651 and 0-997. ei 

When, therefore, a spectrum produced by such a prism is observed 
through a polarising prism, and the latter is rotated, the beam 
varies in intensity from (1 — p,)? to (1 —p,)?. The matter has 
been treated fully by Hiifner and also by Twyman (°°), who com- 
pensated for the effect in the Hiifner instrument by using a 
rhomboidal prism of such an angle that the amount of polarisation 
produced in it was equal and perpendicular to that produced in the 
dispersion prism. 

The difficulty may be entirely avoided in either of two ways 
as follows : (i.) the light, after traversing the dispersing prism, may 
pass through a fixed polariser before reaching the movable Nicol 
(as in the Kénig-Martens instrument), or (ii.) the polarising device 
for changing the relative intensities of the beams may be arranged 
so that both beams are always polarised in the same plane when 
passing through the dispersing prism (as in the Nutting and 
Bellingham-Stanley instruments). 

It will be clear that all polarisation instruments must be liable 
to error if either of the incident beams contain any polarised light (°°). 
This difficulty can only be overcome by adopting the procedure 
described in connection with the Martens photometer (see p. 175). 
It is far preferable, however, to use some other type of instrument 
for the measurements in this case. 

Flicker Instruments.—The use of the flicker principle is unneces- 
sary in ordinary spectrophotometry, since colour difference is entirely 
eliminated. Instruments of the flicker type have, however, been 
designed (°”) in connection with the determination of the sensitivity 
curve of the eye (see p. 294), since for this purpose it is necessary 
to make a photometric comparison between the brightnesses of two 
fields which are respectively illuminated by light from two different 
parts of the spectrum. 

Photometric Procedure.—Throughout this chapter it is assumed 
that the substitution method is used, 7.e., that when two sources 
are compared, they are each measured by comparison with a third 
source which may be assumed to remain constant throughout the 
experiment. . 

The slit or slits of the spectrometer should, whenever possible, 
be illuminated by diffused light. This may generally be arranged 
by causing the source to illuminate either a reflecting surface, such 
as magnesium carbonate, or a transmitting surface, such as depolished 
opal glass, and then forming an image of a portion of this surface on 
the collimator slit. Slight selectivity of the diffusing material is 
unimportant so long as strict substitution between the test source 
and the sub-standard is arranged. 

It should be noted that the measurements made in spectro- 
photometry are nearly always relative, i.e., it is the form of the 
spectral distribution curve that is required, and not the absolute 
intensity at any given frequency. If absolute values are needed it 
is often convenient to obtain these by comparing the integral candle- 
power of the test source, obtained by ordinary photometric methods, 
with the candle-power obtained by weighting the energy distribution 
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_ curve in accordance with the sensitivity curve of the eye (see p. 294). 
If this method cannot be used, as, for example, when a comparison 
is made at one region of the spectrum alone, the diffusing surface 
should preferably be a reflector, and should be at a sufficient distance 
from the source to ensure that the brightness of the reflecting surface 
bears a constant ratio to the candle-power when one source is 
substituted for another. 
The accuracy attainable in photometric measurements is 
- naturally less than that generally expected in ordinary photometric 
measurements under good conditions (58). . 
Slit-width Correction.—It has been pointed out already that, 
owing to the finite width of the slit of a spectrometer, the light 
reaching any point of the spectrum is not homogeneous, but consists 
of a mixture of waves covering a given range of frequencies. This 
lack of purity of the spectrum does not introduce any serious error 
into a spectrophotometric comparison so long as the spectra com- 
pared are continuous and not very different in energy distribution. 
When, however, an irregularly distributed spectrum, such as that 
given by a Welsbach mantle, is compared with a  black-body 
spectrum, or when two black-body spectra corresponding to widely 
different temperatures are compared, the correction for the finite 
width of the slit cannot be neglected (°°). The mathematical treat- 
ment of the problem is somewhat lengthy, and for it the original 
papers should be consulted (®). The method of applying the 
correction will best be understood from an example. Let the energy 
distribution curve of the standard source be represented by f(v), 
and that of the test 
source by d(v). Further, 
let the luminosity curve 
of the impure spectrum 
of the standard source 
as seen in the spectro- 
photometer be repre- 
sented by f(y), and let 
the ratio of the inten- 
sities at any wave-num- 
ber v be p(v). In Fig. 
184 let the curve ABC 
represent the function 
p(v)F(v), and let OP 
represent a given wave- 
number v. Let PM and 
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equal to 3 (a =r, b), where Fid. 184.—The Slit-width Correction in Spectro- 
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tively the breadths of 
the collimator and telescope slits in terms of the wave-number scale 
of the spectrometer. Let BD = 8(v). Then it may be shown that 
if n=D/a, 

(P(r) F(v) — 10(v) se mo (v) —...!] 
I(») { F(v) — 16o(v) + MO Gv) == 2 ae 


= ee 


288 PHOTOMETRY 
where 1= (1+ n?)/6(1 + n)? 
and m = (6 + 5n + 10n2 + 5n? + 6n4)/180(1 + n)4. 


5,(v) is found in the same manner as 6(v) from the curve for F(»), 
and 8/(v) and 8,/(v) are found in an exactly similar manner from 
the curves for 8(v) and §,(v). It should be noticed that 5(v) is positive 
when the curve is convex towards the v-axis. When a= 6 the 
expression reduces to 

d(v) — { p(»)F(v) — 8(v)/12 + 8’(v)/90—. . i} 

f(r) { F(v) — 8,(v)/12 + 8',(v)/90 —. . -} 
F(v) may be calculated from f(v) if the dispersion curve of the 
spectrometer prism be known, for F(v) cK, f(v)/A(v), where A(v) 
represents the dispersion (see p. 275) and K, the luminosity function. 

It is to be remarked that in the case of an instrument in which 
the spectrum is viewed by means of an eyepiece, 2b represents the 
width of the aperture limiting the spectral region viewed by the eye. 
In the case of an instrument in which the Maxwellian view is 
employed 2b represents the width of the pupil in the eyepiece, or the 
natural pupil, whichever be the smaller. The above treatment holds, 
mutatis mutandis, if wave-lengths be worked with instead of wave- 
numbers. 

The Use of Colour Filters for Approximate Work.—Rough spectro- 
photometric determinations may be carried out with any ordinary 
form of photometer by placing over the eyepiece coloured media 
having comparatively narrow transmission bands in the different 
parts of the visible spectrum (®). The relative intensities of the 
two lights compared are thus obtained for the regions of the trans- 
mission bands of the media. Special glasses or gelatine filters 
suitable for this purpose have been prepared (°). By using a 
modified form of direct-vision spectroscope in the eyepiece of an 
ordinary photometer it is possible to obtain photometric comparisons 
at different parts of the spectrum (®). 

The spectral transmission curve of a medium may often be 
determined conveniently by using sources of light from which 
homogeneous radiations at different parts of the spectrum may 
be obtained by means of suitable coloured glasses. The mercury, 
hydrogen, and helium tubes are particularly convenient for this 
work (®4), or, where very intense light is required, a suitable form of 
electric arc may be used (®). 

Unsteady Sources.—In the spectrophotometry of unsteady 
sources, such as the arc, it is generally necessary to use an ordinary 
photometer as a control instrument, readings on the spectrophoto- 
meter being made only when an auxiliary observer at the ordinary 
photometer signals that the arc is of normal intensity and sufticiently 
steady for observation (°$), : 

Measurement of Reflection and Transmission Factors.—From the 
description, given in the last chapter, of the use of colour filters in 
heterochromatic photometry, it will be clear that a very important 
application of spectrophotometry is to the measurement of the 
transmission factor of a coloured transparent medium throughout 
the visible spectrum. The modifications necessary in order to make 
this type of measurement with the apparatus which has been 
described above will generally be obvious, but a further treatment 
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of the subject will be found in Chapter XIII. (pp. 387 e¢ seq.). In 

the same chapter the methods used for measuring the reflection 
factors of surfaces for light of any frequency are described (°7). 

The Plotting of Spectrophotometric Date.—It is often convenient 

to plot spectral*reflection or transmission curves in such a way that, 

in addition to giving the values of p, or 7, throughout the spectrum, 


they also show graphically, by their areas, the values of [K,p,dv 


or [K,z,dv, v.e., the integral reflection or transmission factors 


for an equal energy spectrum. This can be done by plotting the 
values of p, or 7, on specially prepared co-ordinate paper on which — 


the scale of abscisse is such that x, = a | Kay (68) The principle . 
may clearly be extended so as to exhibit the values of p and 7 for 


light of any given spectral distribution by making x, = a|K Edy, 
0 
where FH, is the energy 
per unit wave-number in- 
terval at wave-number vy 
(see p. 36) for the lght 
adopted. An example of 
this method of plotting is 
given in Fig. 185 (a), where 
curve G represents the 
spectral transmission of a 
certain blue-green medium. 
The ordinate at any value 
of v gives the value of 
t,, While the total area 
gives the value of 7 for 
light having an equal 
energy spectrum on _ the 
wave-number scale, 2.e., 
equal amounts of energy 
in equal wave-number in- 
tervals throughout the 
spectrum. A similar chart 
for light having an equal 
energy spectrum on _ the 
wave-length scale is shown 


o o [o} io} 
+ nw 


Wave Length 


580, 


in Fig. 185 (dD). Tables Fic. 185.—Spectrophotometric Plot with 
have been prepared to eee a 

. a) Wave-number Basis. 
enable the integral trans- (6b) Wave-length Basis. 


mission or reflection factor 
of a coloured medium to be calculated readily for lights of certain 


defined spectral distributions of practical importance (°°). 
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CHAPTER X 
THE MEASUREMENT OF COLOUR 


In the last chapter a description was given of the instruments 
and methods used for comparing two lights in any desired portion 
of the spectrum, and so obtaining the spectral distribution curve 
of one light by comparison with another, standard, light of known 
distribution. 

This process does not demand of the eye anything more than a 
judgment of simple equality of brightness, the complicating factor 
of colour difference having been eliminated from the problem. The 
results of a spectrophotometric comparison of this kind, while they 
give complete data as to the relative energy distributions of the 
two integral lights compared, give no information regarding the 
relative effects which these lights will produce on the eye, as regards 
either intensity or colour, unless the relative luminosity values 
which the eye assigns to equal amounts of radiant energy in waves 
of different frequencies be accurately known ; for, as has been said 
already in Chapter III. (p. 64), the eye responds very variously to 
lights of different colours, being most sensitive in the yellow-green 
and least sensitive at the ends of the spectrum, with the result that 
equal amounts of radiant power concentrated, for example, in the 
yellow-green and in the blue-violet would not be equal from the 
point of view of luminosity. It follows that an essential link in the 
chain connecting visual photometry with the physical measurement 
of energy is the determination of the “ sensitivity curve ”’ for the 
average eye, i.e., the curve giving the value in photometric units 
of a given amount of radiant energy in the form of light waves of 
any frequency within the visible spectrum. This curve is frequently 
referred to as the “ visibility curve.” Better names are (i.) “ sensi- 
tivity curve,’’ when the response of the normal eye to radiation of 
different frequencies is being considered, and (ii.) ‘‘ luminosity 
curve,” when it is desired to consider the capability of radiant 
energy of different frequencies to produce the visual sensation. 

The Sensitivity, or Luminosity (Visibility), Curve.—This curve (+) 
has been accurately determined by several workers, mostly in 
America, who have used different numbers of observers and worked 
with different apparatus and, usually, different photometric 
conditions. Most work, to the present time, has been done with 
the flicker photometer. E.Thurmel (#), H. Bender (3), H. E. Ives (4), 
P. G. Nutting (>), W. W. Coblentz and W. B. Emerson (°), P. 
Reeves (7), and M. So (8) all used this method, the last five under 
the standard conditions suggested by Ives (see p. 259). Both Ives 
and Coblentz used also the steady comparison method, measuring 
the light at each frequency by direct comparison with the integral 
light from the source, but the large colour differences involved make 
their results unreliable, and until recently the best data obtained 
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_ by the steady comparison method were those of E. P. Hyde, W. E. 
Forsythe and F. E. Cady (%), who used a step-by-step method in 
which large colour differences were avoided. 

A recent careful redetermination (1°) by both the steady com- 
parison and the flicker methods, using a field of 3° diameter, has 
shown that these two methods give practically identical results, and 
it is these results which have been provisionally adopted for general 
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Fie. 186.—The Sensitivity Curve of the Normal Eye. The Luminosity (Visibility) 
Curve of Radiant Energy. 


use (11) and which are listed in Appendix IV. These have been 
used for plotting Fig. 186. 

Several attempts have been made to find an empirical expression 
which will represent the luminosity curve to the accuracy of experi- 
ment (#2). Of these the latest forms are those of Kingsbury, as 
revised by Ives (1%), and Coblentz (14), the former of which fits the 
curve obtained by Ives and Kingsbury using the flicker method, 
while the latter fits the curve obtained by the comparison of bright- 
ness (step-by-step) method. Both of these expressions have the 
same general form, v7z., 

Ke A yee 


there being three or four terms in the summation. The values of 
the parameters given by these workers, and the best values required 
to fit the mean luminosity data shown in the table of Appendix IV., 
are as given on p. 296, 

The symmetry of the sensitivity curve is greater if allowance be 
made for the change in the transmission factor of the ocular media 
with alteration of frequency of the light, so that the curve exhibits 
the response of the retina to radiation of different frequencies (1°). 
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The Mechanical Equivalent of Light.—It is clear that, since the 
energy distribution of the radiation given by a black body at any 
temperature is known, its relative candle-powers at different tempera- 
tures can be at once obtained from the sensitivity curve of the eye (+), 


io.) 
for clearly the luminous flux F = Al K,E,dv, where K, is the 


0 
value of the luminosity function and £, is the rate of energy emission 
at wave-number vy. Further, if the factor relating the luminous 
flux and the rate of energy emission be known for radiation of any 
one frequency, the absolute candle-power of the black body at any 
temperature may be deduced. Alternatively, if the absolute candle- 
power of the black body at any temperature be known, the factor 
relating luminous flux with energy emission may be found for 
radiation of any frequency. The frequency usually chosen is that 
of maximum luminosity, viz., v = 18,000 (A = 556 my), and the 
factor expressed in lumens per watt is usually known by the some- 
what misleading name of the ‘“ mechanical equivalent of light.” 
This term may, therefore, be defined as “the ratio of radiant flux 
(expressed in watts) to luminous flux (expressed in lumens) for the 
frequency of maximum luminosity ”’ (17), and is the factor A in the 
equation given above. It will be seen that this equation applies 
not only to the black body, but to any source of light of known 
spectral distribution. The value of the mechanical equivalent of 
light may therefore be found by measuring the values of F and 


re 
of | K,E,dv for any convenient source, the limits of integration 

ea 
v, and v, being such that the whole of the visible spectrum is 
included (#8), 

Alternatively the ratio of the luminous flux to the radiant flux 
may be measured for monochromatic radiation of any convenient 
frequency, and this ratio may then be divided by the value of K, 
for that frequency (1°). This method may be extended by using 
a special chemical solution for which the transmission factor through- 
out the visible spectrum is proportional to the sensitivity of the 
normal eye (7°). Such a solution is composed of— ; 


Cupric chloride (CuCl,) ; . . 61-25 gm. 
Cobalt ammonium sulphate (Co(NH,),(SO,),) . 14:5 ,, 
Potassium chromate (K,CrO,) : ; 1-On oe 
Water to 1 litre 


* This four-term expression gives figures which agree generally with the listed values 
to about 1 per cent. between 450 and 630 mu. At the wave-lengths outside this range the 
difference is a few units in the third place of decimals (J. W. T. Walsh, Opt. Soe. Am. Je 
11, 1925, p. 111; E. P. T. Tyndall and K. 8. Gibson, Opt. Soe. Am., J., 9, 1924, p- 403). 
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and may be used in a cell of the form described on p. 245, the thick- 

ness of the solution being 1 cm. The radiation in the infra-red may 
be absorbed by a cell of clear water of sufficient thickness, say, 4 cm. 
(see p. 322, infra). The energy transmitted by this solution being 
automatically weighted in accordance with the sensitivity curve of 
the eye, the ratio of the luminous flux given by any source to the 
energy radiated by that source through the solution is the value of 
the mechanical equivalent of light multiplied by the transmission 
factor of the solution at the frequency of maximum sensitivity. 

_ The mean value of the mechanical equivalent of light as deter- 
mined recently by various methods may be taken as 0-0016 watts 
per lumen (?!). - 

Using Wien’s form of the expression for the energy distribution of 
a black body (see p. 135), and any one of the expressions given above 
for representing algebraically the sensitivity curve of the eye, it is 
possible to find an expression for the candle-power of a black body 
at any temperature (??), for 


f= | KBay = be |4 (Rv)"et =; Run! ve = Cy/T dy 
0 
= C,ARre | pin + 8) e— (Rn + CeTy qy 


= CAR" Rn + C/T) -%+9T(n + 4). 
This may be written 


Sa(1+p/T)- +4 
where a = C,ARre(nR)— tT (n + 4) 
= C,A(B/C,)*V/10n . (n + 4)(n + 3)(m + 2)* 
and Bp =C,/nR. 


In this expression 7' is the absolute temperature of the body, and C, 
and C, the values of the constants, in Wien’s equation (see p. 135). 
From the above expression the luminous efficiency (ratio of total 
light to total radiated energy) may be found, and the temperature 
of maximum luminous efficiency deduced. 

It is satisfactory that Hyde, Forsythe and Cady (7) have found 
an agreement to 1 per cent. between the observed brightness of a 
black body over a temperature range from 1,700° to 2,600° K., using 
a direct comparison of the integral lights, and the computed values, 
using Planck’s formula and the luminosity curve obtained by them. 
The calculated values of the brightness of a black body at tempera- 
tures between 1,800° and 9,500° K. are shown plotted in Fig. 187. 

The use of the luminosity curve in physical photometry will be 
discussed in the next chapter. A different application of this curve 
and allied data, viz., the specification of colour in terms of physical 
measurements, will be briefly described in what follows. 

Colorimetry.—Colour is the psychological sensation resulting from 
the physiological action produced on the retina by that physical 
property of the light waves which is called “ frequency.’’ Colorimetry 
is concerned with the specification of light in such a manner that its 
colour may be reproduced uniquely from physical data, although, as 


* By Stirling’s theorem, to an accuracy of 0-1 per cent. since » > 100. 
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will be seen later, two lights which are quite different in spectral 
composition may be identical in colour (**). ; 

It has been found experimentally that every light, whether 
composite or homogeneous, may be exactly “matched,” i.e., the 
colour sensation to which it gives rise may be precisely simulated, 


Brightness (Cazdles per sg ca) 


2000 4000 600d 8000 10000 
Temperature (Degrees 1’) 


Fia. 187.—The Brightness of a Cavity Radiator. 


in two different ways, which give rise respectively to the “ tri- 
chromatic ’’ and the ‘‘ monochromatic * systems of colour specifica- 
tion (25). 

The Trichromatic System.—It was shown by Maxwell (#6) that if 
lights of three different colours be chosen from the three principal 
regions of the spectrum, viz., the red, green and blue-violet, then all 
other lights can be matched by mixing suitable (including negative) 
amounts of these three primaries. The primaries selected may be 
either homogeneous or composite, and may be produced spectro- 
scopically or by means of colour filters. If R, G and B represent unit 
amounts of each of these three primaries then the colour of any given 
light may be represented by an expression of the form rR + gG + bB, 
where r, g and 6 are coefficients which may be either positive or 
negative. The values of the units R, G and B are generally so chosen 
that for white light r= g = b (?), 7.e., any mixture of an equal 
number of units of each of the three primaries gives sensation 
white. 

It is clear that on this system the values of r, g and b must depend 
on the exact colour of the lights chosen for the three primaries, but 
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conversion from one set of primaries to another is easy if the primaries 
of one set be known in terms of primaries of the other set, for if 
R=1,R' + mG’ + n,B’ 
5 G = 1,R' + mG’ + n,B' 
B=1;R' + mG’ + n,B' 
then a colour (rR + gG + 6B) on the one system becomes 3 (rl, + 
gl, + 6l1;)R’ on the other system (28) so long as R + @ + B= R’ + 
G’ + B’, i.e., equal numbers of the units on both systems make the 
same amount of white. 

So far nothing has been postulated as to the mechanism of vision, 
but if the trichromatic theory be taken as a working hypothesis 
(see p. 71) it becomes evident that it should be possible to choose 
the primaries (which need not, in fact, be lights actually producible) 
in such a way that r, g and b may always be positive. For if the 
primaries be the pure sensations postulated on the trichromatic 
theory of vision, it is clear that any real light can only stimulate these 
sensations positively. 

By a consideration of the observed phenomena of colour mixture 
and other experimental data which cannot be considered here (29) 
it is possible to analyse the sensitivity curve shown in Fig. 186 into 
three component curves such that the ordinate of each at any 
frequency gives the contribution of the corresponding colour sensa- 
tion to the total luminosity of energy at that frequency (°°). These 
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Fig. 188.—The Sensation Curves for an Equal Energy Spectrum. 
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curves are shown in Fig. 188 for an equal energy spectrum, ?.e., for 
a total luminosity curve identical with that of Fig. 186.* 


* It should be noted that the term “equal energy spectrum ”’ on the wave- number 
basis signifies that the energy radiated within a given wave-number interval is the same 
throughout the spectrum: on the wave-length basis it implies that the energy within a 
given wave-length interval is constant. The actual energy distribution in the spectrum is 
therefore not the same in the two cases. In Figs. 186 and 188 if the wave-number scale 
be used the equal energy spectrum assumed is that of equal energy per unit wave-number, 
while if the wave-length scale be used, the spectral distribution is assumed to be such that 
there is equal energy in equal wave- -length interval. 

Tt follows that the sensation curves for light of a given spectral distribution must 
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Similar curves may be drawn for light of any other spectral 
distribution by EE A each ordinate of the sensation curves 
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Fic. 189.—The Sensation Curves for Light from a Black Body at 5000° K. 
(a) Wave-number Basis. (6) Wave-length Basis. 


by the corresponding ordinate of the spectral distribution curve of 
the light considered. This has been done for black-body radiation 


necessarily be different according as they are calculated on the wave-number or the wave- 
length basis. Both sets of curves are given in Fig. 189, and it will be seen that although 
the , forms of the curves are different in the two cases, the relative areas remain the same, 


as, indeed, is evidently necessary a priori. ‘The same considerations apply to the mixture 
curves (Fig. 190). 
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at 5,000° K. in Fig. 189, where curves R, G and B show the respective 


- contributions of the three primary sensations at each frequency. 


The areas of the three sensation curves of Fig. 189 are in the ratios 
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Fig. 190.—The Mixture Curves. (a) Wave-number Basis. (b) Wave-length 
Basis. 


R:G: B= 0-568 : 0-426: 0-006. Now if it be agreed to take for 
the unit of stimulation of each sensation a magnitude such that an 
equal number of units of each of the three sensations will, when 
combined, give the sensation white (5,000° K.), it follows that the 
luminosities of these units will be in the ratios 0-0103 : 0-0137 : 0-976. 
The curves of Fig. 190 have been drawn with the ordinates multiplied 
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respectively by these numbers, so that the areas are equal. The 
ordinates of these curves at any given frequency show the relative 
stimulations of the three sensations for light of that frequency. 
‘These curves, termed the ‘“ mixture curves,’ may be used for 
obtaining the relative values of 7, g and 6 for light of any known 
spectral distribution. The ordinates of each of the mixture curves 
are first multiplied by the corresponding ordinates of the spectral 
distribution curve, and the areas of the resulting three curves give 
the values required for r, g and b on the trichromatic system with 
the fundamental colour sensations as primaries and white as 5,000° K. 

_ The colour of a light may be expressed graphically on the 
trichromatic basis by means of the Maxwell colour triangle shown 
in Fig. 191 (31). Every point P within the equilateral triangle 
RGB represents light whose colour is given by the expression 
rh + gG + bB, where r, g and 6 are the lengths of the perpendiculars 
from P to the sides of the triangle. It will be noticed that r + g + 6 
is the same for every point in the triangle, and that, therefore, every 
point represents a light of equal total stimulation. Further, the 
centre of the triangle W represents white, since for this point 
yr =g=b. The curved line from RF to B represents the light of a 
spectrum of constant stimulation, for it will be found that the 
trilinear co-ordinates of any point on this line are proportional to the 
ordinates at the corresponding point of the three curves of Fig. 188. 

The colour of the light obtained by mixing two given lights in a 
definite proportion may readily be found from the colour triangle 
by joining the points representing the colours of the two components 
and dividing the line of junction in the ratio of the mixture. Thus 
the point P (Fig. 191) represents the colour of the light obtained 
by mixing in the ratio of 2 to 1 the spectrum lights having frequencies 
20,000 and 17,000 respectively (°?). The line PW cuts the spectrum 
line in the point 18,850. It follows that the compound light P may 
be matched by mixing white light with spectrum light of frequency 
18,850 in the ratio 1 to 1-47 (83). Wherever the line passing through 
W cuts the spectrum line in two points, those points represent lights 
of complementary colours, for if mixed in the right proportion these 
lights will give sensation white (*4). It will be noticed that lights in 
the region 20,300 to 17,500 have no complementaries in the spectrum. 
The complementaries of these, the yellow-greens, are mixtures of 
red and blue in various proportions, 7.e., purples and magentas, 
represented by points such as M. These conclusions will be referred 
to again when the monochromatic system of colour specification is 
considered. 

In the case of a composite light, 7.e., one composed of a number 
of different homogeneous radiations, it is quite simple, from a 
knowledge of the spectral distribution, to express the colour in terms 
of the three sensation primaries. 

The method may be described most clearly by reference to 
Fig. 192, where curve H represents the energy distribution of. the 
given light (that from a black body at 2,220°K.). Curve & is 
obtained by multiplying each ordinate of curve FE by a factor 
proportional to the corresponding ordinate of curve & in Fig. 1904 
(p. 301). Curves G and B are obtained similarly. The coefficients 
r, g and b of the given lights are then proportional to the respective 
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areas of these three curves, i.e., to the relative stimulations of the 
three primary sensations. 

The Trichromatic Colorimeter.—Several instruments have been 
devised for finding more directly the values, absolute or relative, 
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Fic. 192.—Curves of the Colour Sensations for a Black Body at 2220° K. 
(See Fig. 168.) 
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of the three coefficients in the expression for the colour of any given 
light by enabling a match to be made between the light in question 
and a mixture, in measurable proportions, of three arbitrary red, 
green and blue lights, which may be termed the instrument primaries. 
The Ives colorimeter (35) is shown in plan in Fig. 193. The light 
to be examined is admitted at LZ, and forms one-half of the field F 
which is viewed by the eyepiece E. The light from the comparison 
source is admitted at K and passes through three adjustable slits, 
which are respectively covered with red, green and blue media. The 
light passing through these slits is mixed by persistence of vision, 
a number of lenses arranged in a circle A being rotated by means 
of a small motor so that the other half of the field at F is oceupied 
by light from the three slits in rapid succession. The substitution 
method is employed in making measurements. ‘‘ White” light is 
first matched, and the scales on the slits are each adjusted to read 
100. The light to be measured is then substituted for the white 
light and the slits are altered until a match is obtained. The scale 
readings at the slits then give the colour of the measured light in 
terms of the instrument primaries, 7.e., the coefficients in the 
trichromatic expression for the colour of the light in question. 
Other instruments, similar in principle, have been devised (°°). 
That used at the National Physical Laboratory is shown in 
Fig. 194 (87). A 500 e.p. “ pointolite ”’ lamp is placed at the focus 
of a large condensing lens A, which throws a beam of light normally 
on one end of the colour-mixing apparatus. This end is shown 
on the right of the plan. In it are cut three sectorial openings 
(shown shaded), each of about 60° extent, which are backed by sheets 
of ground glass and coloured gelatine filters, These latter are respec- 
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tively red, green and blue, the particular filters chosen being selected 
from a complete set of the available gelatine filters. Inside the box a 
prism CD of shape shownis mounted 
in such a way that it is capable of 
rapid rotation dbout an axis DE. 
During rotation the end C passes 
each of the sectorial openings in 
turn. When C is opposite an open- 
ing, light enters the prism and, after 
two internal reflections at the 
inclined faces of the prism, emerges 
along DE. A lens £ is placed so 
that the effective stop (a circular 
hole in the mount of the prism 
CD) isatitsfocus. F isa Lummer- 
Brodhun photometric prism giving 
a triple rectangular field. G is a 
lens with its focus at H. An 
observer with his eye at H sees the 
reflecting section of the photometer 
field illuminated by light-from the 
particular sector which the end 
of the rotating prism is opposite. 
Thus the colours red, green and 
blue alternate in the field as the 
prism rotates. If the speed is 
sufficiently rapid the sensations 
mingle and a mixed colour is 
observed. Each sector opening is 
fitted with a sectorial shutter, not 
shown in the diagram, by which the 
relative durations of the red, green 
and blue stimuli may be varied, 
thus varying the proportions of 
these colours in the mixture. The 
colour to be matched is situated 
outside the aperture J. Light from 
this aperture fills the transmitting 
portion of the photometer field. 
J isa plane glass plate ; its purpose, 
in conjunction with the lens K 
and prisms Z and M, is to make it 
possible to add a little white light 
to the coloured light to be matched. 
This is sometimes necessary when 
matching very saturated colours 
in certain regions of the spectrum. 
The amount of this white light is 
regulated by a lamp-black gelatine 
annulus NV, of varying density. 
With this addition it becomes possi- 
ble tospecify any colour whatever in 
terms of the instrument primaries. 


P, 2s 


Fic. 193.—The Ives Colorimeter. 
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As pointed out above, the values of the colour coefficients obtained 
with an instrument of this type necessarily depend on the exact 
colours of the lights used to form the mixture. This, however, is of 
little importance, since it is in any case impossible to obtain 
a pure green, and a reduction is therefore always required if the 
results are to be expressed in terms of the sensations as primaries. 
The easiest method of performing this reduction is to mark on the 
fundamental colour sensation tri- 
angle the three points which repre- 
sent the primaries used in the 
colorimeter (see Fig. 195) and then 
to obtain the position of the light 
under examination by a simple 
graphical construction. If p, y, and 
B be the measured coefficients, the 
side R’G' of the instrument triangle 
is divided at Z in the ratio y: p. 
LB’ is then divided in the ratio 
B :(p +y), and the point of division 
P is the point representing the 
measured light, so that the required 
reduced colour coefficients can be at 
once obtained. It is to be noticed 
that if the instrument primaries be 
so chosen that R’ + G' + B' repre- 
sents white, the centroid of the 
instrument triangle coincides with 
W, the centre of the fundamental 
triangle. 

The Monochromatic System.—As 
has been said already, every colour, 
except certain mixtures of blue and 
red, can be matched by a correctly 
proportioned mixture of white light 
with light of asuitably chosen spec- 
trum colour (8). For it is clear 
that any point on the Maxwell tri- 
angle, unless it be situated in the 
region approximately represented 
by RWB, lies on a line joining the 
point W to some point on the 
spectral line. Hence the colour of 
a light may be defined by (a) the 

\ frequency and (b) the percentage 

: amount of the homogeneous spec- 

C) 8 trum light which, if mixed with 

Ah white,’ will match it in colour (3%), 

For instance, the colour represented 

by the point Pin Fig. 191 may also be described by the statement that 
its “hue” is that of spectrum light of frequency 18,850, and that it is 
mixed with white in the proportion of PW : HP. This proportion, ex- 
pressed as a percentage of the spectrum light, is termed the “ satura- 
tion” or “ purity ” of the mixed light (4°). Similarly, a purple light, 
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Fia. 194.—The N.P.L. Trichromatic Colorimeter. 
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represented by a point such as M, may be expressed on the mono- 
‘chromatic system by the hue of its complementary, H’, and the 
amount of this complementary 

which has to be subtracted G 

from white in order to produce 
a match. 

The Monochromatic Colori- 
meter.—The instrument shown 
in Fig. 196 has been designed 
for the specification of colour on 
the monochromatic basis (#1). 
The spectral component is sup- 
plied by the source N and the 
constant deviation spectroscope 
system SPH. The white com- 
ponent is supplied from an illu- 
minated white surface R by SM ME bal fe ct es has 
reflection at the sectored mirror 71,055 The Tranefomation fom natu 
M, which is rotated by an on the Trichromatic System. 
electric motor. The propor- 
tions of the mixture might be changed by having adjustable 
openings in M, but in practice it is more convenient to keep 
these openings constant and to vary the intensities independently 
by means of the Nicol prism pairs shown at N,, Nj. The light 
used to illuminate R must be that adopted as white if the instru- 
ment is to read directly. The light to be measured is [reflected 
from a second white surface #’, and the colour of this light is com- 
pared by means of the Lummer-Brodhun cube L with the colour of 
the mixture reflected and transmitted by M. When a purple light 
has to be analysed by this instrument, it is placed so as to illuminate 
R, while #’ is then illuminated by white light. The results of spectro- 
photometric analysis may be expressed on the monochromatic 
system either by the intermediary of the Maxwell triangle or directly 
by calculation. 

~ Conversion from One System to Another.—It will be noticed that 
the instrument just described measures the relative amounts of the 
spectral and white components of the light in terms of luminosity. 
This makes conversion to the trichromatic system difficult, because 
the magnitudes of the units employed for the sensations on that 
system are such that an equal number of units of each primary will, 
when combined, give the sensation of white, and the units so arrived 
at have very different luminosity values. In fact, their luminosities 
are in proportion to the areas of the three curves of Fig. 189, 
Lr: Lag: Lz say. It follows that if a light of dominant hue H 
and saturation p excite the three fundamental colour sensa- 
tions in the ratiop: y: 8, and if the spectrum light H excite the 
sensations in the ratio r:g: 6, then the equation for the red 
sensation is 

100pLr/XpLr = prLrl=rLr -+- (100 — p)DRr.* 


* For light exciting the sensations in the ratio p: y:f has a luminosity «(pLp + 
yLq@ + LR), where « is a constant which, for unit luminosity, has the value (Splp)-?. 
Hence, light of this colour having unit luminosity excites pLz/zpLR units of red 
sensation. Similarly for the light r:g:6, and for white (where r =g =6 and there- 
fore r/3rLp =1). 
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Whence it follows that 
100p/ZpLz = pr/XrLr+(100—p)..-.-.-.- - (i) 


or 
p:y:B = (pro + 100 — p): (pgo + 100 — p) : (pba + 100 — p) 
where o = (rLa + gle + bLz)-. 


The reduction of a colour analysis expressed on the trichromatic 
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Fia. 196.—The Nutting Monochromatic Colorimeter. 


system to its equivalent on the monochromatic system is most easily 
performed by means of the Maxwell triangle (*). The line from W 
which passes through the point P representing the light under 
consideration, gives at once, by its intersection with the spectrum 
line, the dominant hue. Thus r, g and 6 are known. Since p, y and 
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B are also known, any one of the sensation equations, such as (i.) 
above, will give p. 
: ae the light considered is purple, the equation corresponding 
O (i.) is 
7 160 — pr'/Xr'Lr = (100 = -p)p/Spbew. 2 vo+ (ii.) 
where r’ is now the red excitation of the spectrum light comple- 
mentary to the purple considered. The values of o for lights at 
intervals along the spectrum are given in the following table :— 


TaBLE of Values of (rLp + gLq + bLs)— at different Parts of the 


Spectrum. 

v 

x10 3 fia) : 
14 1-82 400 27 
15 1-82 420 36 
16 1-87 440 78 
17 1-98 460 42-5 
18 2-08 480 9-53 
19 2-18 500 2-82 
20 2-82 520 2-24 
21 15-5 | 540 2-12 
22 52-5 560 2-07 
23 58 580 2-01 
24 34 | 600 1-93 
25 27 620 1-88 
= —_ 640 1-85 
== — 660 1-83 
— _— 700 1-82 


Tables and diagrams enabling the excitation values to be found 
directly for any light expressed on the monochromatic scale have 
also been calculated (4%). 

In all that has been said above it has been assumed that the 
spectral composition of a light uniquely determines its colour, so 
that the relative excitation values of a light, as well as its dominant 
hue and saturation, remain invariable at all intensities. That this 
cannot be strictly true must follow from the alteration in the shape 
of the luminosity curve which takes place at low intensities (see 

. 65). Further, it has been found that increasing the intensity of 
a light tends to decrease its saturation (**). It is impossible here to 
discuss these problems, which necessarily complicate colorimetric 
measurement unless they can be avoided by choosing conditions for 
the measurements at which these effects are absent or unim- 
portant (45). For a fuller consideration of the whole subject one 
or more of the books referred to in the bibliography at the end_of 
this chapter should be consulted. 

Colour Charts.—Other methods of colour specification have been 
used for various purposes. The colour temperature scale has already 
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been described (see p. 270), and the leucoscope (see p. 244) can clearly 
be adapted to give a colorimetric scale (**). 

Comparison with a set of coloured media, or pigmented papers, 
of definite, and as far as possible reproducible, tints, arranged so 
as to form a rough step-by-step scale, is sometimes useful (*”). 
The number of standards required to cover the whole range of 
luminosity, hue and saturation is, however, very great (over 3,000), 
and the most useful field for this system would appear to be one in 
which the range to be covered is severely restricted by the nature 
of the problem, as, for example, in the grading of a particular class 
of oil. ,* 

Conclusions.—It should be remarked that, of the three methods 
of measuring the colour of a light, both the monochromatic and the 
trichromatic colorimeter depend on the conformity of the observer's 
sight to the average known as “normal colour vision,” since the 
colour match obtained is a sensation equivalence and not a true 
physical identity. The only measurement giving full information 
as regards the colour of a light, and more especially its behaviour 
when transmitted or reflected by colour media, is the determination 
of the spectral distribution curve (#8). 

The labour involved in the full determination can, in many cases, 
be avoided by making a comparatively small number of observations, 
each covering a patch of the spectrum which is just narrow enough 
to avoid the detection of any significant colour difference by the eye 
of the observer (4°). 

By choosing these patches so that the breadth of each is inversely 
proportional to the chromatic sensitivity (or hue discrimination) of 
the eye at the part of the spectrum concerned (see p. 66 and 
Fig. 37), it is possible to divide the whole visible spectrum into about 
eighteen adjacent parts, and therefore to obtain a very complete 
specification of the colour of any particular light by means of eighteen 
measurements on the spectrophotometer, the patch of spectrum 
ee at each measurement having the limits given in the following 
table :— 


| 

Patch Number :— 1 2 | 3 | 4 | 5 | 6 | ¥ | 8 9 | 10 

| 
Frequency. 14-9 | 15-4 | 15°9 | 16-4 | 16-6 | 16:8 | 17-1 | 17-3 | 17-7 | 18-2 

(Ss HOSS | 

eee sia et ee eee — — 

| | | | 

Wave-Length. 670 | 649 | 628 | 611 | 601 | 594 | 586 | 577 | 564 | 550 | 

(mx) | 


Patch Number :— 10 


(cel ORs) | 


Frequency. | 18:8 | 19-3 | 19-7 | 20-0 | 20-4 | 20-9 | 21:5 | 22-3 | 23-3 
| 


Wave-Length. 


531 | 517 | 507 | 499 | 491 | 479 | 466 | 449 | 430 
(mu) | | 
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CHAPTER XI 
PHYSICAL PHOTOMETRY 


The Psychological Aspect of Visual Photometry.—In all the 
practical methods of photometry so far described the eye judges 
the equality or inequality of brightness of two surfaces which are 
presented to it in such a manner that they form adjacent images on 
the retina. It has been pointed out already (p. 146) that vision 
involves a chain of physical, physiological and psychological pro- 
cesses, and it is important that in any study of the subject too much 
attention should not be devoted to the physical process without 
corresponding regard to the physiological and psychological phases 
which so strongly influence the final visual perception resulting from 
any given physical stimulus produced by irradiation, 7.e., the 
incidence of radiant energy, at the surface of the retina. 

The threshold between the physical and physiological regions is 
fairly clearly marked out, but at present it is almost impossible to 
separate the physiological and psychological regions, so that the 
phenomena described in Chapter IIT. can only be regarded as the 
effects of a combined action involving three processes, of which only 
one, the physical stimulus, is accurately known and under control. 
It follows that the results must be liable to considerable variation 
according to (a) the particular individual making the observations, 
(6) factors quite unconnected with the physical stimulus, which may 
affect either the physiological or (c) the psychological characteristics 
of that individual at the time of observation. For example, it is 
well known that (a) different individuals behave differently as regards 
their relative evaluation of different coloured lights. Further, 
(6) and (c), the same individual may vary markedly from day to day 
in his relative evaluation, either from definitely physiological causes 
(e.g., excessive tobacco smoking), from purely psychological causes 
(such as unconscious change of mental criterion of equality), or from 
a physiologico-psychological action, such as bodily or ocular fatigue. 

Similar effects undoubtedly take place to a greater or less extent 
in the more ordinary processes of photometry. Thus in homo- 
chromatic photometry it is the perception of brightness contrast 
that is important. The experience of all those who have done much 
observational work in photometry is that this perception is impaired 
by anything which tends to diminish the power of concentrating the 
attention. Thus unfamiliarity with the instrument used, or discom- 
fort while observing due to a cramped attitude or to excessive heat 
or cold, and other circumstances of a similar nature, tend to diminish 
the accuracy of photometric observations. 

It has been pointed out already (see p. 57) that the glare which 
results from looking at an object brighter than the photometric field, 
even for a short period, will vitiate readings for.a length of time 
dependent on the brightness of the object and the time during which 
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it has been looked at (1). Similarly it was stated in Chapter VI. 
(p. 148) that every photometer should be so designed that the point 
of photometric balance can be passed through from one side to the 
other as rapidly as possible and with the smallest amount of manual 
effort (2). This is of great importance if the best results are to be 
obtained. The unconscious mental bias which may result if an 
observer becomes aware of any progressive tendency in his readings 
is avoided in most laboratories by arranging that the observers shall 
work in pairs, each one noting down the readings obtained by the 
other. In accurate work not more than about a dozen settings should 
be made by a single observer without at least a brief period of rest. 
A very definite ‘‘ settling-in ”’ effect is often noticeable in photometry. 
At the beginning of a day’s work the first few readings made by an 
observer may differ noticeably and in a definite direction from his 
subsequent observations, owing, apparently, to a preliminary 
uncertainty of criterion which is not resolved until after the first 
half-dozen or more observations have been made. This effect is 
naturally more pronounced when the colour difference worked with 
is considerable. Some observers, however, find that with an equality 
of brightness photometer a small colour difference is more trouble- 
some than one which is large enough to be immediately apparent. 
The same is sometimes said when working with the contrast type of 
head, but in that case the difficulty is generally found to arise from 
the fact that the observer has, consciously or unconsciously, used 
as his criterion of balance the disappearance of the central dividing 
line instead of the equality of contrast between patch and back- 
ground in the two halves of the field ; in fact, the head has been used 
as an equality of brightness instead of as a contrast head. 

Physical Photometers.—It is due in large measure to the uncertain 
factors involved in visual photometry, such as those which have 
been mentioned above, that workers in this branch of radiometry 
have for many years sought for some physical instrument which 
may be used instead of the eye for the measurement of light, and 
which is not subject to the limitations inseparable from the employ- 
ment of any physiological organ of special sense. In every case the 
instrument used for the comparison gives, in some form or another, 
a measure of the energy received by a certain surface exposed to the 
light to be measured (%). Physical photometers, therefore, depend 
, onthe comparison or measurement of ellwmination, regarded as a rate 
of energy reception. 

The Classification of Physical Photometers.—It was pointed out 
at the beginning of the chapter on Visual Photometry (Chapter VI.) 
that the eye is quite unreliable as an instrument for measuring 
brightness, although it can compare the brightnesses of two adjacent 
surfaces with considerable precision. It is the ultimate aim of 
research in methods of physical photometry to produce an instrument 
which, while giving exactly the same result as visual methods for the 
relative values of different illuminations, will at the same time serve 
as a means for the direct measurement of any illumination without 
simultaneous comparison with a standard illumination. This aim 
is still far from realisation with certainty and to the necessary degree 
of sensitivity except by means of delicate laboratory apparatus of 
high precision, used with great care and with a number of important 
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precautions. On the other hand, a sensitive comparison of illumina- 
tions produced by light of the same spectral distribution can be 
achieved conveniently by means of fairly simple apparatus, and the 
various methods that have been used with promising results will 
be described here. 

Physical photometers may be divided into two classes in either of 
two ways : _(i.) according as they are suitable for measuring, or only 
for comparing illumination ; (ii.) according as they are suitable for 
heterochromatic or only for strictly homochromatic photometry. In 
practice these two methods lead to an identical classification of the 
existing instruments. 

Absolute Physical Photometers.—In the case of an instrument. 
which is to be used for measuring illumination the following require- 
ments should be fulfilled, the first two absolutely, and the others as 
far as possible :-— 

_ (a) The indication must be proportional to the illumination, or 
a some definite relation to it which can be determined by calibra- 
ion. 

(6) The calibration curve must remain constant during a reason- 
able period of time, particularly if the law connecting indication with 
illumination be not a simple one. ; 

(c) The sensitivity should be at least as great as that attainable 
by visual methods. 

(d) The instrument should be capable of use under ordinary 
laboratory conditions, and without the need for special precautions 
involving complicated apparatus or highly skilled operation. 

(e) The instrument should be one capable of giving a continuous 
record if required. . 

As regards (d) it has to be remembered that most instruments 
first devised in the laboratory are made fit for general use only after 
a more or less gradual development along the lines of simplification 
and robustness of construction, while it is the possibility expressed 
in (e) that makes the subject of physical photometry so attractive 
in connection with many problems met with in the measurement of 
modern light sources. 

In addition to the above five requirements, an instrument which 
is to be used in the measurement of any but strictly homochromatic 
sources, 7.e., sources giving light of exactly the same spectral distribu- 
tion as that with which it is calibrated, must, as a first essential, 
respond to light of different frequencies in exactly the same way as 
the eye (4); in other words, the curve connecting indication and 
frequency must be identical with the sensitivity curve of the normal 
eye, as shown in Fig. 186 (p. 295). A first necessity, therefore, in 
physical photometry is the accurate determination of the sensitivity 
curve for as many observers as possible, working under normal 
conditions as to brightness, field size, etc. (°). This determination 
has been carried out with considerable care, and the results arrived 
at are given in Appendix IV. (p. 471). 

Detectors for Heterochromatic Comparison.—The sensitivity curve 
of the eye having been determined, it remains to find some detector 
whose response to radiant energy of different frequencies will follow 
either the same curve or some other well-defined curve which is 
capable of reduction to conformity with the sensitivity curve by 
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some selective transmitting medium, such as a coloured solution. 
As might be expected, the latter of these alternatives is the only one 
practically worth consideration. 

This requirement at once rules out the most sensitive detectors, 
viz., selenium and similar light-sensitive materials, the photo- 
electric cell, and the photographic plate, for these detectors not 
only show a response to light which is very different from that of 
the eye, but they are also liable to alter their “ sensitivity curve ” 
either with the intensity of illumination or with small variations in 
construction which at present are quite uncontrollable. They will 
be considered later in the class of instruments best suited to the 
comparison of homochromatic sources. 

There remain, then, the detectors of radiant energy which 
depend simply on the measurement of the total amount of energy 
reaching them, and which are therefore quite non-selective, so that 
when used with a medium having its spectral transmission curve 
identical in form with the sensitivity curve they give at once an exact 
reproduction of the normal eye. While theoretically perfect, the 
chief practical difficulty attending the use of this method is the 
exceedingly small portion 
of the total energy given by 
most light sources which 
lies within the limits of the 
visible spectrum. As stated 
above, the mechanical 
equivalent of light is 
approximately 0-0016 watt 
per lumen, so that a lamp 
operating at an efficiency of 
1 candle per watt has a 

Fic. 197.—The Bolometer. luminous efficiency of only 

2 per cent. Much of the 

remaining 98 per cent. is radiated in frequencies lying outside the 
visible spectrum, mainly in the infra-red, and this introduces the 

further difficulty that the detector 
has to be very carefully shielded 
from invisible radiation, to which it 
naturally responds as readily as to 
that within the visible spectrum. 

The detectors most suitable for 
the measurement of the very low 
intensities of radiation met with 
in ordinary photometry are all 
electrical (°). The bolometer de- 
pends on the fact that when radia- 
tion is absorbed by a long and very 
thin strip of blackened platinum 


Bolometers 


(see Fig. 197) its electrical resist- cles 
ance is altered owing to the risein — yyq. 198 —The Measurement of Radia 
temperature which takes place (7). tion by the Bolometer. 


If, therefore, four bolometers be 
arranged in a Wheatstone bridge, as shown in Fig. 198, a very 
sensitive means for measuring the difference in the radiation 
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reaching the two sides of the apparatus is obtained. For use in 
spectral distribution measurements a single narrow strip is employed. 
The thermopile and the radiometer both depend on the fact that 
when a circuit is composed of two dissimilar metals a difference of 
temperature between the two junctions of these metals in the circuit 
results in a flow of electricity round the circuit. For example, if 
Junction A (Fig. 199) be at the temperature t,, while junction B is 
at temperature ¢,, an electromotive force of 
a (¢; — t,) volts is generated in the circuit, 
so that if a galvanometer be included, and 
the total resistance of the circuit (includ- 
ing the galvanometer) be R ohms, a current 
of a(t, — t,)/R ampéres will flow round the 
circuit. For the metals tin and bismuth «, 
the thermo-electric power, is about 7 x 10-5, 
50) that itet; — 7%, = 10° C. and #i== 10 
ohms, the current will be 0-07 milliampére, 
which is easily measurable with a sensitive 
milliammeter. In Boys’ radiomicrometer, 
shown in Fig. 200 (8), the thermo-junction 7’ is connected to the 
small loop of wire which forms the circuit and is suspended by 
means of a fine quartz fibre between the poles of a magnet N, S, so 
that when radiation is absorbed by 7' the difference in temperature 
produced causes a current 
in the loop, and therefore 
a deflection due to the 
magnet. This deflection 
is measured by means of 
a the small mirror m, which 
reflects a beam of light 
as in the case of an 
ordinary galvanometer. 
Deflections of the order 
of 10 mm. per metre for 
1 sq. mm. of surface ex- 
posed to 1 metre-candle 
may be obtained. In 
the radiomicrometer only 
one junction is used, but 
the thermo-electric volt- 
a arr vrei « 
YD junctions in series. A 
7 one, Resid form of thermopile used 
fia. 200.—Boys’ Radiomicrometer. ciel ain : 
for spectral distribution 
measurements is shown in Fig. 201. It is of linear form and 
contains ten metal squares, often of tin, to each of which is 
soldered a pair of thermo-junctions, which may be of bismuth- 
silver. The breadth of the exposed surface is reduced as much 
as possible in order that it may occupy only a narrow strip of 
the spectrum when used in the eyepiece of a spectrometer. It is 
generally enclosed in a cell of the form shown on the right of the 
figure. The front surface of the thermopile is covered with a matt 
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black coating of soot or platinum black to obtain as complete an 
absorption as possible of the incident radiation, and the heat capacity 


Fig. 201.—The Linear Thermopile for the Study of Spectral Energy Distribution. 


is a minimum, so that a given amount of energy produces the 
greatest possible rise of temperature (°). 

The Thermopile and Visibility Solution (1°).—While all the above 
instruments may be used for measuring the energy distribution of 
the radiation given by a source, they are not immediately suitable 
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Fia. 202.—The Thermopile and Visibility Solution for Physical Photometry. 


for use as physical photometers to give an absolute measurement of 
candle-power (™). Hor such a purpose a practical arrangement, 
which has been used by Ives and Kingsbury (!?), is that shown in 
Fig. 202, where the radiation from the source S passes through a 
medium L, such as the chemical solution described on p. 296 above, 
which weights each frequency to the same extent as the normal eye, 
so that the energy reaching the thermopile 7' is directly proportional 
to the visual effect, z.e., to the luminous intensity of the source. 
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_ The chief difficulties attending this method of physical photo- 
metry are common to all measurements necessitating the evaluation 
of very small electric currents, viz., the susceptibility of the very 
sensitive galvanometer to mechanical disturbance, drift of zero, and 
lack of exact proportionality between current and deflection. There 
is also the effect of variation in room temperature, which causes 
uncertainty in the zero of the thermopile-galvanometer system. 
This effect may be practically eliminated, if serious erratic fluctua- 
tions of room temperature be avoided, by making two zero readings 
at equal periods of time before and after the deflection reading. Ives 
and Kingsbury found that, under the conditions of experiment 
above described, an exposure of thirty seconds was sufficient for a~ 
reading (18). 

The Thermo-junction and Visibility Template-——An alternative 
method which has been proposed (14) is the use of a luminosity 
template, which is placed in the path of the light dispersed by a 
prism, so that the amount of radiation of each frequency which is 
allowed to pass bears a constant ratio to the luminosity (K,) at that 
frequency, and the energy of the recombined beam is therefore 
exactly proportional to its luminosity. The apparatus used may 
take several forms. That involving the use of a rotating sector is 
shown in Fig. 203, where L is the light source, S the slit, and P the 


Fic. 203.—The Thermopile and Visibility Template. 


prism of a spectrometer producing a spectrum at S’. Over this 
spectrum passes a rotating sector disc D, the apertures in which are 
of such a form that the exposure of each part of the spectrum 1s In 
proportion to the luminosity value of that part. Close to the tem- 
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plate isa lens system CC, the function of which is to recombine the 
spectrum, forming an image of the prism face in the colour of the 
recombined light upon the thermo-junction J. To shield this junction 
from infra-red radiation it is placed inside a protective case, the 
opening of which is covered by a glass cell W containing water. 
Even with a water cell in place, some residual infra-red radiation 
causes trouble, and a 3 per cent. solution of copper chloride is 
preferable, due allowance being made for its selective absorption in 
the visible spectrum by an appropriate modification of the curve 
used in the template. In the work actually described by Ives (7°) 
an iron-clad Thomson galvanometer of 5-1 ohms resistance and a 
sensibility of from 2 to 5 x 10-19 amps. per mm. was used. Trouble 
due to mechanical vibration was overcome by the use of a Julius 
suspension (16). The thermo-couple was of bismuth-tin and bismuth- 
antimony alloys in vacuo, as this form has been found to have five 
times the sensitivity of the ordinary bismuth and silver couple (1%). 
The 45-candle carbon lamp used in the experiments on the solution 
method gave deflections of about 20 cm. under these conditions. 

The same apparatus may be used with a fixed template in front 
of S', care being taken to ensure that the height of the spectral 
band is sufficient to cover the template opening completely. The 
form of the template is then exactly that of the curve of Fig. 186, 
allowance being made for the effect of prismatic dispersion and for 
the selective absorption of the copper chloride, if this solution be 
used in place of water at W. 

Selective Receptors.—The chief disadvantage attached to both the 
above methods of physical photometry is the smallness of the 
currents available and the consequent necessity for using galvano- 
meters of very high sensitivity. In the methods now to be described 
the sensitivity is greater, but unfortunately it varies with the 
frequency of the radiation according to some complicated relation 
which is, in many cases, variable by causes which are at present but 
little understood or under control. 

Selenium and Photo-Sensitive Substances.—One of the first 
substances suggested for use as an approximate physical photometer 
was selenium. It had long been known that this substance in the 
crystallised form was sensitive to light, in that its electrical resistance 
changed enormously when exposed to radiation in the visible 
spectrum (18), The substance is most conveniently used in the 
form of a selenium cell, better termed a ‘“‘ selenium bridge * (1°). The 
chief object to be attained in the design of such a cell is maximum 
sensitivity, constancy and quickness of response to radiation, Most 
bridges are now so designed that a very long and narrow strip of 
selenium is obtained between two metallic electrodes. Many such 
designs have been proposed. One form of bridge, originally due to 
S. Bidwell (2°), may be made by taking a small sheet of ground glass, 
mica or slate, and spreading this with a very thin layer of purified 
amorphous selenium by means of a hot glass rod. If now four 
strands of fine bare nickel or platinum wire are wound round the 
plate so that the whole of the selenium surface is covered, and two 
alternate strands are then removed, the other two strands are left 
separated for the whole of their length by a space equal to the 
diameter of a wire. To make the bridge sensitive to light it is heated 
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m an oven to a temperature of 180° C. for about five minutes, when 
_ the transformation from amorphous to metallic selenium should be 
complete. The dark resistance of such a bridge, formed on a plate 
1 x 3 X 0-1 cm. has been found by Pfund (2) to be of the order 
of 2 x 107 ohms, and the sensitivity such that the resistance is 
decreased to 10 per cent. of this value by an illumination of 150 to 
200 metre-candles. The bridges should be protected from moisture 
by being placed in a vacuum vessel or waxed to a sheet of glass or 
mica. Another form is shown in Fig. 204 (22). A thin layer of 
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Fic. 204.—A Selenium Bridge. 


platinum deposited on a glass plate is scratched with a fine graving 
tool along a line of the zigzag form shown. Selenium in the plastic 
form is spread over the platinum surface and is then heated to 
convert it to the crystalline form. Electrodes are attached to the 
two platinum surfaces so that the zigzag line of selenium which 
separates them forms a bridge of comparatively low resistance. 

Much work on the characteristics of selenium bridges has been 
done by many workers (7%), and the most sensitive is capable of 
detecting an illumination of 10-° metre-candles (74), a limit which 
approaches the sensitivity of the human eye (see p. 68). _ It is still, 
however, inferior in sensitivity to the best type of photo-electric cell, 
which, with a tilted electroscope capable of measuring currents of 
10-15 amps., should be capable of detecting the light from a candle 
at a distance of 2-7 miles (2°). 

The chief objection to selenium is that its sensitivity curve is 
not only very different from that of the eye, but it varies in form 
with the method of preparation of the cell (7°). Moreover, the law 
connecting response with illumination is not the same throughout 
the spectrum, being linear in the deep red, while the response varies 
as the square root of the stimulus for the remainder of the visible 
spectrum (27). The resulting change of form of the. sensitivity 
curve with change of illumination is shown in Fig. 205. It follows, 
therefore, that selenium can only be used for the comparison. of 
sources giving radiation of the same spectral distribution, and even 
then the cell must be calibrated, since the law connecting stimulus 
and response is not a simple one (7%). 

There is, moreover, a further disadvantage attending the use 


of selenium, and that is its slowness in recovering its resistance after 
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exposure to illumination (2%), the period taken for recovery increas- 
a with the intensity of the illumination to which it has been 
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Fig. 205.—The Sensitivity Curve of a Selenium Bridge. 


Fia. 206.—A Se- 
lenium Bridge 
mounted in 


vacuo. 


exposed (3°). Spontaneous change of sensitivity 
with lapse of time can largely be overcome by 
mounting the bridge tm vacuo (*4). A bridge so 
mounted is shown in Fig. 206. The sensitivity of 
a selenium bridge decreases, in general, with rise of 
temperature (37). Any voltage up to 100 may be 
used on all the ordinary types of bridge, for it has 
been found that the sensitivity of a selenium bridge 
is comparatively slightly affected by change of 
voltage, at any rate up to this limit (°°). Talbot’s 
law (p. 58) holds for selenium, at least for frequen- 
cies between ten and sixty per second (*4). 

A form of photometer has been devised in which 
light from the sources to be compared is alternated 
on the selenium, the criterion of equality being 
absence of “ flicker’? in the current through the 
cell at a minimum speed of alternation (3°). 

A. H. Pfund summarises as follows (3*) the con- 
ditions under which selenium may be used for 
photometry :— 

(a) Monochromatic light must be used. 

(6) An accurate sensibility curve [curve of 
sensitivity to light of different frequencies] must 
have been established. 
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“(c) Exposures to light must be made automatically and must 

be of short duration.”’ 

The last-named condition is met in a form of selenium photometer 
designed by T. Torda (37). In addition it is desirable that the curve 
connecting stintulus and response should have been found by means 
of a previous calibration under the above-named conditions. 

Many other substances besides selenium have been found to 
behave similarly under the action of radiant energy (38), but most 
of them are much less sensitive, at any rate in the visible spectrum. . 
One, however, a thallium oxy-sulphide termed “ thalofide,” has 
been found notably to surpass selenium in the visible spectrum (3°). 
The sensitive material is fused on a quartz plate and mounted in an 
evacuated bulb to prevent oxidation. The most sensitive bridges 
made of this material change resistance by 50 per cent. for an 
illumination of less than 1 metre-candle. The dark resistance ranges 
from 5 to 500 megohms. The potential used on the bridges must 
not exceed 50 volts. These bridges possess a large temperature 
coefficient of resistance. The spectral sensitivity curve of a bridge 
so enclosed is shown in Fig. 207. This substance possesses the 


Clave Length (caps) 
2000 1800 1600 400 1200 1000 60 


le} 600 
al tie bee) Feed La eee en AS rT ee 
Be CEL. 


ow 
te) 


| 

dagau INGE 
tH 
i oO 


5 6 rf 8 =) 10 Wl 12 13 4 15 16 (7 
Cave Number (%ousaxas pee ce) 


Tita. 207.—The Sensitivity Curve of a Thalofide Bridge. 
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advantage over selenium that the response to light and recovery 
after exposure are both rapid. 

The Photo-electric Cell.—The photo-electric effect has already 
been described briefly in Chapter I. (p. 42). The application of 
this effect to photometry has received considerable attention (*°), 
and much work has been done on the construction and design of 
photo-electric cells in which a specially prepared metal surface is 
illuminated and the resulting electronic emission measured. 

Normally the sensitivity of a photo-electric cell should increase 
with the frequency of the incident radiation (see p. 42), but in 1889 
Elster and Geitel showed that the alkali metals had a selective 
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sensitivity in the visible spectrum, and subsequent work by these 
experimenters and by others has led to the development of the cell, 
the general form of which is shown in Fig. 208. It consists of a 


Fic. 208.—The Elster-Geitel Photo-electrie Cell. 


glass globe Z, into the centre of which projects a loop of gold or 
platinum wire Pt, which acts as the anode of the cell, while the 
cathode consists of a surface of alkali metal (Na, K, Rb or Cs (#*) 
or a K—Na alloy) which makes contact with a silver film Ag and 
a piece of platinum wire sealed into the glass. A guard ring S, 
connected to earth prevents leakage over the surface of the glass 
between the two electrodes. 

A great increase in sensitivity (of the order of 100 times) may 
be obtained by special treatment of the kathode metal surface (*). 
This metal is distilled first 7 vacuo, and then in an atmosphere of 
hydrogen at about + atmospheric pressure. The surface is then 
composed of hydride and is insensitive to light. The hydrogen having 
been pumped out, the kathode surface is bombarded with kathode 
rays until it shows a marked coloration (blue-violet for potassium, 
brownish yellow for sodium, and pale blue-violet for rubidium) 
due to the formation of free metal which is extremely sensitive 
photo-electrically. The permanence of the cell is improved by 
removing the hydrogen set free during the bombardment and 
replacing it with helium or argon at very low pressure (4%). Even 
when this precaution is taken, however, a slight “‘ fatigue ’’ effect, 
or secular change of sensitivity, is always liable to occur in gas-filled 
cells. Where permanence is of more importance than great sensi- 
tivity the vacuum form of cell is preferable on this account (**). 

When used for measuring illumination the cell may conyveni- 
ently be mounted as shown in Fig. 209. The light enters by the 
tube A, which is closed with a cap when the photometer is not in 
use, so that the cell is completely protected from the light except 
when in operation. J is an iris diaphragm and M a plate of matt 
uviol glass, which cuts off all ultra-violet radiation. The box is 
blackened inside and is capable of rotation about the axis defined 
by Pt. Thus the whole instrument is mounted like a theodolite and 
the tube & can be oriented in any desired direction. This is essential, 
since the sensitivity of the cell depends on the angle of incidence 
of the light and, in the case of oblique incidence, on its plane of 
polarisation (see p. 43). The light should, therefore, always be 
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incident normally on the sensitive surface. The electrodes of the 
cell are connected to the terminals K , and K., which are in circuit 


emmpeses: 
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Fic. 209.—The Photo-electric Cell in its Mounting. 


with a battery of dry cells or small-capacity lead accumulators and 
a sensitive measuring instrument. 

In such a cell it has been found that the current produced by 
sunlight illumination is of the order of 10-§ amps. The current 
due to an illumination of 1 metre-candle at the cell is of the order 
of 10-™ amps., and it is claimed that if proper precautions be 
taken to eliminate possible disturbing factors, an accurate pro- 
portionality exists between current and illumination over a very 
wide range (0:07 to 6,000 metre-candles) (4°). Other workers, 
however, have found (4°) that the response of such cells to light is 
not always directly proportional to the intensity, and that the form 
of cell shown in Fig. 210 is preferable on this account (*’). The 
bulb S is silvered on the inside and provided with a small window W 
carried on an extension tube #H. S forms the anode (4%). The 
kathode is a small centrally-placed glass bulb K, which is silvered, 
and on which is distilled the alkali metal which has first been distilled 
on to the walls of the large surrounding bulb from a side tube. G is 
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the guard ring (4%). Other forms of cell have been devised for special 


purposes. 
The photo-electric current may be measured by means of either 
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Kathode 


Fia. 210.—The Ives Photo-electric Cell. 


a galvanometer or an electrometer. In the former case the con- 
nections are as shown in Fig. 211. The galvanometer may 
advantageously be of a high resist- 

Battery ance type (°°). When an electro- 
ber apa meter is used the connections may 
be as shown in Fig. 212 (*4), the 
instrument employed being of 
the Dolezalek or other suitable 
type (5*). Bisa light-tight metal 
box containing a drying agent to 
stop leakage due to moisture on 
the surface of the photo-electric 
= cell, 7 is a guard tube surround- 
Cell Earth ing the leads. Both B and T are 

Fia. 211.—Connections of the Photo. earthed. The needle is charged 
electric Cell (Central Kathode) with a to a potential of 80 to 100 volts. 
Patvangnees, The guard ring of the cell is at a 
potential of about 200 volts below that of the anode in order to 
avoid a drift of the electrometer due to leakage current. Either the 
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Fig. 212.—Connections of the Photo-electric Cell with an Electrometer. 
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rate of increase of deflection may be measured (53) or the total 
deflection produced in a given time may be taken, allowance being 
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made for the deflection produced in the same period of time when 
the cell is unexposed (*4), Alternatively, the potential drop across 
the cell may be measured by means of the arrangement shown in 
Fig. 213 (55), where R is a high resistance 
(e.g., a capillary tube of absolute alcohol + HO volts 
with adjustable wire immersion), while S 
is an adjustable high resistance. The 
contact on S is so placed that the electro- 
meter gives a zero reading when the cell is 
not illuminated. 
In order to limit the current through * 
the cell, a high resistance of the order of 1 
to 10 megohms is placed in series with the 
cell. This resistance may be of liquid type 


or may consist of a fine graphite (lead = fg Oey 

pencil) line on porcelain or some similar Fic. 213.—Connections of 
form of carbon resistance (5%), When a _ the Photo-electric Cell 
very high illumination is being measured _{Kemital Anode) with an 


the voltage on the cell must be reduced, as 
if the current passing through the cell exceeds a certain limit (of 
the order of 10-®§ amps.) the subsequent behaviour of the cell 
becomes erratic (5”). 

The photo-electric current rises very rapidly with the voltage 
applied (see Fig. 214) until a certain value, known as the critical 
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Fia. 214.—Typical Voltage-current Curve for a Photo-electric Cell. 


voltage, is reached. The most convenient voltage for ordinary work 
is about half the critical voltage, as then the cell is not unduly 
sensitive to slight voltage variations. 

As might, perhaps, be expected, the sensitivity of any given type 
of cell varies enormously from cell to cell and with the age of the 
cell (58) and its previous history, but the most fundamental objection 
to the photo-electric cell as a physical photometer is the fact that its 
spectral sensitivity curve is quite arbitrary in form and, what is 
worse, it is different for different cells of the same type, and even 
for a single cell with lapse of time (°°). Most alkali cells show a 
marked maximum of response between v = 20,000 and 25,000 (°°). 

It follows that no solution can be found to give the cell the same 
sensitivity curve as the normal eye, and therefore the most useful 
field for this instrument is in the comparison of lights of the same 
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spectral composition. A null method devised by Richtmyer (*) 
is shown diagrammatically in Fig. 215. Two cells, C, and C2, of the 
same type are connected in a circuit resembling a Wheatstone 
bridge, with two sources of variable potential e, and e,, and a 
, Dolezalek electrometer Q. The cir- 
Party cuit is earthed, permanently at 6, 
and when desired at 6’. JL, and | 
L, are the two sources to be com- 
pared. With the cells unexposed, 
e, and e, are adjusted so that the 
dark currents through C,, and C, are 
equal as shown by zero deflection 
of Q. With the cells exposed to 
radiation from L, and Lg, the dis- 
tances L,C, and L,C, are adjusted 
| | until there is again no deflection 
l of Q. The illuminations at C, and 
C, are then equal. This method 
| eb 3° | depends on the condition that the 
| | two cells obey exactly the same 
| Earth | current-illumination law, but it 
| | 
| 
| 


does not demand that this law 
shall be linear. By a substitution 
method in which one lamp, say 


je 


Light Jz L,, was fixed throughout the ex-- 
Goes Peie periment, two other lamps giving 
ewes light of the same spectral distribution 
Fie. 215.—The Photo-electrie Nu! COuld be compared to an accuracy 
Method. Ye ae which would probably exceed that 


of visual photometry, due care being 
taken to shield the cells from stray radiation (®), A similar method 
has been used for the determination of spectral transmission curves 
(see Chapter XII1., p. 389), and might be adapted to the spectro- 
photometric comparison of sources. 

Alternatively, a single photo-electric cell may be used, and the 
lamps to be compared may be successively placed so as to produce 
equal illuminations of the cell as judged by equality of the deflection 
in the two cases. Instead of varying the distance of the source from 
the cell, crossed nicol prisms (p. 173), a variable rotating sector 
(p. 177), or a neutral wedge (p. 179) may be used to vary the 
illumination according to a known law (3)... Talbot’s law is rigorously 
obeyed, since the response of a photo-electric cell is practically 
instantaneous (®4), 

For approximate photometry colour filters are sometimes used 
to give a photo-electric cell a sensitivity curve which in some 
measure approximates to that of the eye (°°), but for accurate work 
it is essential that the sources to be compared shall give light of 
exactly the same spectral composition. ‘ : 

A photo-electric method of adjusting lamps, such as the sub- 
standards described on p. 137, to colour match has been devised (6°). 
Each lamp in turn is placed so that it illuminates simultaneously 
two cells of different alkali metals, e.g., sodium and rubidium. Since 
these cells have widely different spectral sensitivity curves, if the 
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_photo-electric currents through the two cells be adjusted to equality 


for one lamp (by means of a diaphragm, neutral wedge or other 
device), this equality will be disturbed if another lamp be substituted 
unless the spectral distribution of the light is unchanged, 7.e., unless 
the lamps be adjusted to colour match. It is desirable that the 


~ illumination of the cells should be approximately equal with both 


lamps, since the law connecting intensity of illumination with photo- — 
electric current may not be exactly the same for the two cells. 

There is one effect in the photo-electric cell which has so far 
only been referred to incidentally. This is the “dark current,” 
v.e., the current passing through the cell when it is not illuminated. 
Part of this current may be due to leakage over the surface of the 
bulb between the electrodes, and this can be eliminated by the use 
of a guard ring. The remainder, which is a true dark current effect, 
has either to be compensated by some electrical means (as in the 
arrangement shown in Fig. 213) or it may be subtracted from the 
observed current when illumination measurements are made. It 
is of considerable importance in the measurement of very faint 
illuminations (°7), 

There is no noticeable temperature effect, at any rate in vacuum 
potassium cells, above 0° C. (88). 

It has been found possible to increase the photo-electric current 
many thousands of times by means of a three-electrode valve (°°). 
The connections are as 
shown in Fig. 216, where z 
P is the _ photo-electric 44 
cell, A the valve, G a gal- 
vanometer, and B,, Bag, 
B, batteries. The degree 
of amplification natu- 
rally depends on the tem- 
perature of the valve 
filament F. It also 
depends on the photo- 
icon ae Urine nen Fic. 216.—The Use of a Valve with a Photo- 
Ged Fe) that it is electric Cell (Central Anode). 
necessary to calibrate the 
system as a whole in order to obtain quantitative results. Other 
arrangements have also been used (71). 

Metallic Oxide Photo-electric Cells.—It has recently been found 
that the filament of a high-vacuum valve shows a strong photo- 
electric effect if coated with one of the alkaline earth oxides. A 
strontium or barium oxide cell gave a current of the order of 
10-® amps. per metre-candle illumination (7). This form of cell has 
recently been developed (7°). 

Chemical Photometers : The Photographic Plate.—The suggestion 
has been made repeatedly to use as a physical photometer some form 
of apparatus in which light is measured by the amount of chemical 
action it produces (74). The only practical apparatus of this kind 
is the photographic plate (7°), incidence of radiation on which causes 
a chemical reaction resulting, on development, in a deposition of 
silver particles. The opacity thus produced in the plate may be 
measured by other photometric means (see p. 392), and under 
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certain conditions is nearly proportional to the total energy reaching 
the plate during the period of exposure (7°). If this period be known 
accurately, the illumination if steady, or its mean value if fluctuating, 
can be deduced (77). The photographie plate, therefore, is the sole 
instrument capable of performing a time integration for an illumina- 
tion. Its sensitivity is, however, variable (a) from one plate to 
another even under otherwise identical conditions, (b) according to 
the particular emulsion used on the plate, (c) according to tempera- 
ture and other conditions of development (**), and (d) according to 
the spectral distribution of the light (7°). Normally the plate is 
most sensitive to radiation in the violet and ultra-violet, but, by the 
use of sensitisers, its response to light of the lower frequencies may 
be increased as shown in Fig. 217. Even in these cases, however, 
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Fie. 217.—The Relative Sensitivities of Photographic Plates. 


the sensitivity curve is irregular and variable, and it seems to follow 
that the chief sphere of usefulness of the photographic method of 
photometry is in strictly homochromatic comparisons or in the 
measurement of very faint illuminations, such as those met with in 
stellar photometry (see p. 427), where the eye, or any instrument 
depending on the measurement of luminous flux, is of insufficient 
sensitivity, and where the time integration of the photographic 
plate (7.e., the fact that it measures energy, and not power) enables 
it to give an approximate measurement if due care be taken to use 
standard conditions in both the preparation and the development 
of the plate (°°). The photographic method is also useful for obtain- 
Ing a continuous record of light intensity (*"), especially in inaccessible 
places, such as the upper atmosphere (82) or below sea level (83). 
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Probably the most important application of photography to 
photometric measurement at the present time is in the special 
field of spectrophotometry, where the comparison is strictly homo- 
chromatic, and where the great sensitivity of the photographic plate 
makes it possible to use much smaller slit widths than are practicable 


~ in visual or even in radiometric work (®). It is particularly useful 


for determining the approximate relative intensities in the different 
parts of the spectrum of a source, such as a flame arc, where there 
are narrow spectral bands superposed on a continuous background. 
It may also be used for finding the relative intensities of the lines 
in a pure line spectrum (*°). In such work the spectrum to be studied 
and a spectrum of known intensity distribution are photographed - 
side by side, one of the two being photographed several times with 
different exposures of known duration. By subsequent comparison 
of the records in any particular region of the spectrum it is possible 
to make an estimate of the respective times of exposure to the two 
lights which would give equal densities in that spectral region. 
Schwartzchild’s law, or one of its modifications, may then be used 
to find the relative intensities. A similar method may be applied 
to the determination of the spectral transmission curve of a coloured 
medium (8%). It is clear that, instead of using different exposure 
times to obtain the necessary scale of intensities of one spectrum, a 
number of exposures of equal duration may be made with different 
densities of a neutral absorbing medium over the slit of the 
spectrometer. 

A rough comparison of the densities of photographic images may 
be made by eye if the densities be approximately equal. For 
accurate work, and for the comparison of unequal densities, however, 
some form of densitometer or microphotometer must be used (see 
p. 393) (87). In making an approximate comparison of the intensities 
of two line spectra, it is sometimes convenient to split each line 
into a series of dots by means of a diffraction grating placed between 
the prism of the spectrometer and the camera, the rulings being at 
right angles to the length of the slit. In the resulting photograph, 
made either directly or through a fine process screen, the number of 
dots just visible at each line gives an approximate measure of the 
intensity of that line (°°). 

‘The same device is sometimes useful in the case of continuous 
spectra, for since the relative luminous intensities of the different 
diffraction bands for light of any given frequency are known from 
theoretical considerations, the relative densities of the photographic 
images of these bands provide a scale by means of which it is possible 
to compare images of unequal densities for light of the same colour. 

It is important to notice that a sector disc cannot be used as a 
means of reducing the light intensity by a known factor in the case 
of photographic photometry, since it has been found that the plate 
does not obey Talbot’s law. An intermittent exposure gives less 
photographic effect than the same amount of luminous energy acting 
continuously (°°). 

The Determination of Polar Distribution Curves and of Intensity 
Fluctuations.—It is clear that the disadvantage of irregularity in the 
“luminosity curve” of a physical photometer does not affect its 
usefulness for comparing lights of exactly the same spectral com- 
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position and, in particular, for measuring the relative candle-powers 
of a light source in different directions. All the physical photometers 
described in this chapter may therefore be used for obtaining polar 
curves of light distribution or illumination curves, but so far little 
use has been made of them for this purpose (9°). They have, however, 
been used for obtaining records of the fluctuations of a source of 
light (°). 
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CHAPTER XII 
ILLUMINATION PHOTOMETRY 


THE instruments and methods described in Chapters VI. and VII. 
are all designed primarily for the measurement of the candle-power 
of a source of light, and the illumination produced by the flux 
reaching a surface from that source is only considered in so far as 
it is a necessary intermediary in the process of candle-power measure- 
ment. or many purposes, however, the illumination of a surface 
at a point is of more interest than the sources of the light flux 
producing that illumination. For instance, in a general specification 
of the lighting of factories and schools it is the minimum illumination 
at the desk or point of work which is stated, the sources of light 
being ignored except as regards such general considerations as glare, 
position of shadows, efc. (+). 

There are several factors which have to be considered carefully 
in the design of instruments for illumination photometry. Chief of 
these are (a) the frequent necessity for making measurements in 
positions where bulky apparatus cannot be accommodated, or in 
which it is impossible to use delicate instruments or those requiring 
accurate positioning ; (b) the fact that the illumination at a point 
is generally derived from a number of sources, so that the flux 
reaching it comes from many different directions and must not be 
obstructed by the measuring apparatus itself or by the person of 
the observer. The first of these considerations may, for practical 
purposes, be summed up under the name of “ portability,’ and the 
aim of illumination photometer design is to obtain the maximum of 
sensitivity and accuracy with the minimum of size and weight.* The 
second consideration is extremely difficult of fulfilment, and it will 
be noticed that with many instruments, particularly those of older 
design, it is impossible to obtain an accurate measurement of 
illumination when the flux reaches the surface from all directions. 

Since, as has been said already (p. 147), all accurate photometry 
ultimately depends on a comparison of the brightness of two surfaces, 
it follows that in order to measure the illumination at a point it is 
necessary to place at that point a standard surface whose reflection 
factor p is known, so that a measurement of its brightness B gives 
at once the illumination H = 7B/p, assuming that the surface is a 
perfect diffuser (see p. 101). This at once introduces another require- 
ment in illumination photometry. In candle-power photometry 
the light is arranged to be incident on the comparison surface at an 
invariable angle, which is preferably 0° (see p. 152). Further, this 
surface is always observed at a constant angle, so that any slight 
departure of the comparison surfaces from the state of perfect 
diffusion is immaterial. In the case of the illumination photometer 


* See the British Standard Specification for Portable Photometers, No. 230, September, 


1925. Tilum. Eng., 18, 1925, p. 298. 
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the light may be incident at any angle or at many different angles, 
while the angle at which the test surface is viewed may also vary. 
It is therefore necessary that this surface should, as nearly as possible, 
behave as a perfect diffuser. 

The Standard Surface or Test Plate.—The errors which arise from 
a lack of perfect diffusion of the incident light by the standard 
surface are among the most troublesome which have to be considered 
in the design and use of illumination photometers, particularly those 
in which the surface is detached from the photometer, so that the 
angle of view depends on the whim of the observer. In most instru- 
ments the surface is viewed by reflected light, and for this purpose 
plain white blotting paper, bristol board depolished by rubbing its 
suriace with fine pumice powder (2), white enamelled iron depolished 
by etching with hydrofluoric acid (*), plaster of Paris (*), compressed 
powders such as magnesium oxide or carbonate (°), depolished opal 
glass (°), opaque white celluloid rendered matt by sandblasting (’), 
porcelain (8). and other substances (9) have been studied. 
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Fra. 218.—The Characteristics of Diffusing Surfaces for Use as Test Surfaces. 


The results obtained with matt celluloid and depolished opal 
glass may be considered, as these surfaces are fairly representative 
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of the general behaviour of approximately diffuse reflectors. The 


curves of Fig. 218 (1°) show the departures from the true cosine law 


which are exhibited by a depolished opal and a matt celluloid surface 
viewed normally and at 30° and 50° from the normal, the line of view 
being in the same plane with, but on the side opposite to, the incident 
light. The abscisse represent angles of incidence, and the ordinates 
the percentage differences from the theoretical values, the value at 
0° incidence being assumed correct. It will be seen that so long as 
the plate is viewed at an angle of 30° the errors in the case of the 
glass do not exceed about 3 per cent. for angles of incidence up to 
80°, while for matt celluloid the error may rise to 8 per cent. 

The two surfaces here chosen as examples of diffusion have the 
very desirable quality of permanence, and both can readily be 
cleaned by simply wiping them with a damp cloth. In the case of 
celluloid, however, repeated wiping in this way results in a partial 
polish, and the surface should be occasionally renewed by rubbing 
it gently with a paste of fine pumice powder and water. 

A very good matt white surface may be obtained by smoking a 
plate of metal or other material over burning magnesium ribbon. 
Although the surface of magnesium oxide thus obtained is very 
easily damaged, and is therefore most suitable for use in enclosed 
apparatus, it is very readily renewed when it becomes dirty or 
scratched. 

For a transmitting standard surface, such as is required for the 
Sharp-Millar photometer (p. 348) where the test plate is viewed from 
below, opal glass is almost universally employed. It may be either 
polished or depolished. The former possesses the advantage of 
retaining a clean surface for a longer period without washing. 
Curves A and B respectively of Fig. 219 show the behaviour of such 


(Ce cece) 


Deviation from Normal 


20 40 60 60 
Angle of Iricidence of Light ( Degs. Krow Mormal) 
Fic. 219.—The Characteristics of Transmitting Test Surfaces. 


plates at different angles of incidence of the light, the plate being 
viewed normally in every case (14). It will be seen that at angles of 
incidence greater than about 50° the errors introduced are very 
large, and Sharp and Little (##) have developed a form of test plate 
in which this negative error at large angles of incidence is com- 
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pensated. The principle of the plate will be seen from the section 
in Fig. 220. P is a sheet of polished opal glass, # is a ring of opal 
glass in which the diffusing layer may be quite thin (e.g., a light 
flashing of opal on a clear glass), C is an opaque ring, and S is an 


= 


Fic. 220.—The Compensated Transmitting Test Surface. 


opaque saucer-shaped screen, so arranged that its upper edge is at 
the same level as the lower edge of C. This screen has also a vertical 
portion surrounding the lower part of R.. When the light is incident 
normally, R is not illuminated, and the brightness of the under 
surface of P is due entirely to transmitted light. At large angles 
of incidence, however, light falls on R, is transmitted through the 
portion between C and S, and by diffuse emission from the inner 
surface of R adds to the brightness of P, so that the defect in the 
transmission of this latter plate is compensated. As will be seen 
from curve A of Fig. 222, by properly adjusting the breadth of the 
exposed band of #& to the transmission curve of P very accurate 
compensation up to angles of incidence of 80° may be obtained. 

A reflecting test surface on the same principle is shown in Fig. 221. 
In this case P is of depolished opal glass, the negative error of which 
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Fic. 221.—The Compensated Reflecting Test Surface. 


at oblique incidence is compensated by the light reflected to it from 
a second similar plate C. The performance of this plate is shown in 
curve 6 of Fig. 222. A disadvantage of this plate is that it has to 
be viewed normally, whereas matt celluloid may be viewed at angles 
not exceeding about 30° without serious error, especially if the light 
be not incident too obliquely. Although this last requirement is not 
always easy to comply with when the illumination is derived from 
many sources situated at all distances from the surface, it must be 
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remembered that in such cases the oblique light is frequently quite 
a small fraction of the whole, and that the least important from the 
poimt of view of the resulting illumination. 

The whole position may, perhaps, be summarised thus : (a) for 
work of the highest accuracy under all conditions a transmitting 
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Fic. 222.—The Performance of Compensated Test Surfaces. 


test plate of the compensated type described above gives the best 
performance, if it be viewed always in the normal direction; (b) for 
ordinary accuracy (3 to 5 per cent.), and in cases where it is not 
possible to use a transmitting surface, the best performance is 
obtained from depolished opal glass or a matt celluloid surface. 
When the illumination is obtained from light coming in but few 
directions the surface should be viewed at an angle not greater than 
30°. When a large number of sources contribute to the illumination, 
it is inevitable that errors will be made in the measurement of the 
obliquely incident light owing to the imperfect behaviour of the 
surface at large angles of incidence. As, however, this part of the 
illumination is derived from distant sources, the inverse square law 
combines with the cosine law of illumination to make this by far the 
least important part of the whole illumination, so that even large 
errors here will produce but a small effect on the measured total. 

The absolute value of the reflection or transmission factor of a 
test surface is of importance, particularly in the measurement of low 
illuminations, where as bright a comparison field as it is possible to 
obtain is most desirable. The values of these factors for certain 
important materials are given in Appendix VII. It is clear that 
the material used for a test surface should be as non-selective as 
possible. 

Illumination Photometers based on the Inverse Square Law.— 
Illumination photometers, like candle-power photometers, may be 
classified according to the method adopted for altering the brightness 
of the comparison surface within the instrument. Among those in 
which the inverse square law is used the ordinary Weber photometer, 
already described on p. 172, must be included, since it is readily 
adapted to the measurement of illumination by the removal of the 
opal glass plate M, (Fig. 98, p. 172). The tube 7’, is then directed 
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towards a test surface placed in the position at which it is 
desired to measure the illumination, and the brightness of this 
surface is compared with that of the surface M, ("*). Photometric 
balance is then obtained, as in the measurement of candle-power, 
by moving M, back- 
wards and _ forwards, 
¢ and the illumination of | 
the surface is calculated 
-- from the equation given 
above and the bright- 
ness of M,. Prefer- 
ably, the instrument 
may be calibrated by 
using it to measure 
the brightness of the 
standard surface when 
illuminated by a stan- 
SSS [SSS dard lamp of candle- 
power J placed at a 
known distance d from 
it in the direction of 
the normal, so that the 
point of balance of M, 
under these conditions 
corresponds to an illu- 
mination of J/d?. 

Since brightness is 
independent of distance, 
the only restriction on 
the position of the pho- 
tometer is that it must 
be sufficiently near the 
test surface for the 
latter to fill the field of 
the prism C completely. 
The general remarks on 
angle of view of the test 
surface (p. 345) apply to 
this photometer as to 
all others in which the 
angle of view is not 
fixed by the instrument 
itself. This angle may 
be made invariable by 
the provision of an arm 
rigidly attached to 7’, 
and carrying the test 
surface at its end. 

Many other photo- 
meters depending on 
the inverse square law have been designed (14). A serious disad- 
vantage of some of these—for example, the Burnett and the Martens 
—is that the test surface is fixed in such a position that it can 
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receive light only from above and in front of the observer. Among 
the most accurate and convenient instruments depending on the 
inverse square law are the Macbeth illuminometer (15) and the 
Sharp-Millar photometer (16). 

The Macbeth -Illuminometer.—The principle of this instrument 


- will be seen by reference to Fig. 223. The opal glass comparison 


surface S is illuminated by the lamp LZ, which, in its diaphragmed 

enclosure, is moved along the tube 7’ by means of a rack and pinion 

hk. A foot-candle scale is marked on the rod carrying the lamp 

enclosure. The lamp is supplied from a dry battery by means of 

leads plugged into the end of this rod. The battery is carried in a 

separate control case, which also contains a rheostat and milli- 

ammeter by means of which the current through the lamp L is” 
adjusted to the value at which the foot-candle scale has been found, 

by previous calibration, to read correctly. The test surface is of 

depolished opal glass and is detached from the instrument, although 

a transmitting test plate may be used instead. The brightness of 

the test plate is compared with that of S by means of the Lummer- 

Brodhun cube L-B viewed through the eyepiece H. A reflecting _ 
elbow-piece, to fit on the end of C,, is provided for use where con- 

venient, particularly in making measurements in directions above 

the horizontal. Neutral filters may be inserted either at F, or F, 

to extend in either direction the normal scale of the instrument 

which is from 1 to 25 foot-candles. The instrument is shown in 

use in Fig. 235. In general it will be found convenient to use an 

accumulator (4 volts) in place 
of the dry battery whenever 
accurate measurements are 
required. 

The instrument calibration 
is checked from time to time by 
means of the reference standard 
shown in Fig. 224. This is 
placed with its base C on the 
test surface, the lamp M being 
supplied from the same battery 
as that providing the current 
for the illuminometer lamp L. 
A second rheostat is provided in 
the control box for adjusting 
the current through M, and the 
ammeter is provided with a 
double-pole switch to enable it 
to be used on either the illu- 
minometer or reference stan- 
dard circuit. The illumino- 
meter is sighted through the 


Fia. 224.—The Portable Reference Stan- 
aperture A, and the current dard for the Macbeth Illuminometer. 
through M is adjusted to a 
stated value. The milliammeter is then put over to the illumino- 
meter circuit and the current in L is adjusted until the photometric 
balance point is attained at a stated value of illumination corre- 
sponding to the stated value of the current through M. 
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The Sharp-Millar Photometer.—This instrument is shown in plan 
and elevation in Fig. 225. The electric lamp L is moved backwards 
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The Sharp-Millar Photometer. 
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and forwards by means of an endless cord which passes over a wheel 
attached to the handle H. It illuminates the diffusing glass screen S,, 
which forms one of the comparison surfaces. The other comparison 
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surface, S,, is of matt opal glass and is carried at the end of an 
elbow-tube 7’ which has at its angle a mirror, so that S, and S, 
may be compared by means of the Lummer-Brodhun type cube C 
viewed through the eyepiece Z. The tube 7’ may be swivelled about 
its collar. F is a translucent celluloid scale upon which is cast the 
' shadow of an index attached to the lamp holder, so that when a 
photometric balance has been obtained the illumination may be read 
off directly from the position of, the shadow on the scale. In order 
to avoid the entrance of stray light through this scale, it is covered 
on the inside by a shutter, which is raised by means of a handle at 
the end of the box when a setting has been made. In order to avoid 
errors due to reflected light, a system of black screens of light fibre 
is placed between the lamp and the screen S,. These screens are 
supported on two light rods and are attached to one another and 
to the lamp carriage by cords, so that when the lamp advances its 
housing pushes the screens successively in front of it, and when it 
recedes the cords pull the screens, one after another, into their 
original positions. The normal range of the instrument (0-4 to 
20 foot-candles) is increased by the provision of neutral filters with 
transmission factors of 1/10 and 1/100, placed in front of either of 
the comparison surfaces, so that the scale is extended by a factor of 
100 in each direction. The current through the lamp is adjusted 
by means of the slides on the rheostat & until it gives the correct 
value on an auxiliary ammeter. Alternatively, a Wheatstone 
bridge with a telephone and interrupter instead of a galvanometer 
is used for regulating the current through the iamp, the correct 
current being indicated by absence of sound in the telephone 
circuit. When the instrument is calibrated the bridge is adjusted 
to be in balance when the current through the lamp is such that 
the true illumination of S, agrees with the reading of the pointer 
on Ff. 

It will be noticed that this form of photometer has a test 
surface which is viewed by transmitted light, so that there is no 
possibility of error due to shadow of the observer or the instrument. 
Further, the test surface is always viewed normally, so that 
errors due to variable angle of view are avoided. The instrument 
also possesses the advantage that the scheme of indication enables 
readings to be taken in the dark, a considerable convenience in 
certain kinds of illumination work. The accuracy of the scale 
depends on the extent to which the inverse square may be assumed 
to hold as the lamp approaches the comparison surface, and even 
more on the exact alignment of the lamp filament with the scale 
index. The instrument as originally designed is somewhat bulky, 
being 23 inches long by 3? by 3? inches, and weighing about 8 Ib. 
It is generally used on a tripod. A smaller model, measuring 143 by 
24 by 24 inches, has since been designed on exactly the same general 
lines, but with slight modifications in constructional details (17). 
When it is impossible to place the whole instrument in the position 
at which it is desired to measure the illumination, the tube 7’ is 
removed and a detached test surface (such as that described on 
p. 344) is viewed through the opening thus left. For the measure- 
ment of candle-power, S, is removed and a diffusing surface is substi- 
tuted for the mirror at the elbow of 7, The plain opal glass may be 
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removed, and the compensated test surface described on p. 343 
may be substituted. : 

Illumination Photometers with Tilting Screen.—A number o 
illumination photometers have been devised in which the variation 
of brightness of the comparison surface within the instrument 1s 
achieved by tilting this surface so that the light from the comparison 
lamp reaches it more or less obliquely. The first of these instruments 
was devised by Trotter in 1891 (1°). It has since been modified 
several times (1°), and in its present form is shown in Fig. 226 (?°). 
The light from a small metal filament glow lamp L is reflected by a 
mirror M to a white diffusing surface C made of matt celluloid. 
This surface is rigidly attached to a mount which is capable of easy 
rotation about an axis perpendicular to the plane of the paper. 
This mount carries a pin and roller D, which bears on the surface of 


Fia. 226.—The Trotter Photometer. 
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the cam A and is held in contact with it by a light coiled spring 
(not shown). A is moved about an axis perpendicular to the plane 
of the paper by means of a shaft which passes through the case of 
the instrument and bears a pointer, which moves over a graduated 
scale. A light leaf spring # bears on A so that it retains any position 
to which it may be set. The leads from a 4-volt portable battery are 
attached at 7’, and 7',, and a small knife switch S is depressed to 
make the circuit through the lamp when a reading is being taken. 
The surface F, which also is of white celluloid, has a transverse slot 
cut in it as shown separately in plan, and through this slot the 
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surface C is viewed, A being rotated until the brightness of the slot 
is equal to that of the surrounding surface. The position of the 
pointer attached to the shaft of A then gives, by direct reading on 
the scale, the illumination of F. This scale has to be calibrated 
empirically by means of a standard lamp placed at given distances 
from F so as to produce known values of illumination. The cam is 
necessary in order to open the scale of the instrument at its lower 
end, for since the change of illumination of the comparison surface 
is produced by change of inclination of this surface to the incident 
light, the scale would be a cosine scale if the pointer and the surface 
were to have equal angular motions throughout, and if the surface 
behaved as a perfect diffuser. Actually the cosine scale would not 
be accurate on account of imperfect diffusion, and therefore there 
is nothing lost, even in theoretical accuracy, by the employment of 
a cam which reduces the angular velocity ratio at the lower illumina- 
tions, and so gives a scale which, though arbitrary, is much more 
uniform than a cosine scale throughout its length. When the instru- 
ment is calibrated, the carriage bearing Z is moved up and down 
upon the vertical rod B. This carriage bears a pointer, which moves 
on a vertical scale, so that its correct position can be noted for 
purposes of reference. The scale of the instrument, normally 0-01 
to 4 foot-candles, may be increased for greater illuminations by using 
a standard surface which has a reflection factor one-tenth that of 
the surface ordinarily used, and for low illuminations by introducing 
a series resistance into the lamp circuit so that the candle-power of 
the lamp is reduced to one-tenth of its normal value. The box is 
painted a dead black inside to avoid errors due to stray light. 

The instrument is somewhat bulky, measuring 9 by 74 by 43 
inches and weighing about 4 lb. (without battery or tripod). It is 
generally used on a tripod stand, and provision is made for levelling 
it accurately or for tilting it through any desired angle. 

A portable form of the Trotter photometer is the “ Luxometer,” 
shown in Fig. 227 (74). In this the principle of the tilting comparison 
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Fie. 227.—The Luxometer. 


surface is retained, but the field of view is altered, and a test 
surface external to the instrument is used. This may be quite 
separate, 7’, or it may be carried at the end of a short arm clamped to 
the case. It fills the lower half of the circular field seen through C, 
which is a glass plate silvered over the upper part of its surface, while 
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the lower part is clear. The tilting surface S, by means of the mirror 
M, fills the upper half of the field formed of the silvered part of C. 
To increase the range of the instrument neutral filters of known 
transmission factors are mounted in a disc framework which moves 
over the aperture of the instrument so that the brightness of the 
external surface is reduced by the factor, 7, 72, Ts, ete. It follows 
that when the filter of transmission 7 is in use, the reading of the 
instrument has to be multiplied by the factor 1/7. Alternatively, 
a standard surface of low reflection factor may be used, as in the case 
of the ordinary Trotter photometer. 

The Harrison photometer (7?) is designed mainly for street 
lighting work. The tilting screen method is employed for varying 
the brightness of the comparison surface, but a distinctive feature 
of the instrument is its use of the flicker principle (see p. 250) for 
eliminating colour difference. A rotating test surface which 
has the form shown in Fig. 165 of Chapter VIII. (p. 262) is mounted 
-at an angle of 45° with the horizontal, and is pneumatically set 
4 spinning in front of a mirror, 
which reflects the comparison 
surface. The system is shown 
diagrammatically in Fig. 228, 
and it will be seen that the field 
of view at A is alternately 
occupied by B and by the image 
of the tilting surface in MV. 

Photometers depending on 
change of Candle-power of the 
Comparison Lamp. — Probably 
the earliest form of illumination 
photometer was that of 

Fic. 228.—The Harrison Photometer. Preece ey who used as his 

comparison source a glow lamp 
in circuit with a variable resistance, so that a photometric balance 
could be obtained by varying the current through the lamp. The 
candle-power variation with change of current was known by previous 
calibration. The same principle is used by H. T. Harrison for his 
portable ‘ lightometer ” (4), by J. T. Marshall in the “ lumino- 
meter ” (7°), and by W. J. Dibdin in the “ hand photometer ”’ (2°). 
A scale attached to the sliding rheostat which is used for varying 
the current gives a direct indication of the illumination in each ease. 
The same system, but with a benzine lamp as source, was originally 
used by A. Wingen (27), but in later forms of his instrument, as 
modified by H. Kriiss, the tilting screen and cam device of the 
Trotter photometer has been substituted (28). A. Blondel uses an 
electric lamp with a straight filament, in front of which is placed a 
variable slit so that the length of filament exposed can be varied 
at will (29). 

Photometers depending on the use of Diaphragms and other 
Devices.—From the descriptions given in Chapter VI. it will be seen 
that the Mascart, Blondel and Broca (note (89), p. 192) (°°), Brodhun 
(p. 178), Martens polarisation (p. 173), Bechstein (p. 251), and other 
photometers can readily be adapted to the measurement. of ihumina- 
‘tion (1). The instrument of. E,. J, Houstoun and A; EB: Kennelly (*?), 
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and others depending on visual acuity, need not be described here. 
The diaphragm method of control of the standard brightness, used 
in the Mascart and Blondel instrument, has been the basis of several 
illumination photometers (3), notably a very portable instrument, 
termed the lumeter, which is shown in Fig. 229 (8). The lamp L, 


linehy 


Fie. 229.—The Lumeter (First Form). 


controlled by a press key K, is enclosed in a whitened box and 
illuminates a depolished opal glass window W. This window in 
turn acts as a source illuminating the outer opaque white annulus 
of the screen S, while the test surface 7’ is seen through the 
central transparent part of S. In front of W move two opaque 
screens L, and L,, which have the forms shown in the detail at the 
top of the figure, and which are rigidly attached to independent 
shafts and are separately controlled by the handles H,, H,. The 
width of the band in LZ, is exactly one-tenth of the radial width of W, 
so that as Z, moves across W the area of the latter which illuminates 
S is reduced from a to a/10. As L, then moves across, the area is 
further reduced from a/10 to 0. It follows that, if the surface of W 
be uniformly bright and the screens carefully made, then, assuming 
that a photometric balance is obtained with W completely exposed 
when the illumination at 7’ is 1 foot-candle, as L, moves across, the 
illumination of 7’ which gives a balance decreases at a uniform rate 
to 0-1 foot-candle. The subsequent movement of L, gives a second 
uniform range between 0-1 and 0 foot-candle, so that by attaching 
pointers to H, and H, the instrument may be made to give the 
illumination of 7’, from 1 to 0 foot-candle, by direct reading on one 
of two uniform scales. A precaution which it is important to notice 
in the use of this instrument is the necessity for having H, at its 
minimum position whenever a reading is being made with H,. 
Similarly, it is necessary to have H, at its maximum position when- 
ever readings are being taken with H,. The range of the instrument 
is extended upwards by means of neutral filters NV, N. Hach of 
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these consists of a double wedge of neutral glass, so that the trans- 
mission factor can be adjusted to 10 and 1 per cent. exactly. Either 
- or both of these screens can be introduced at will, so that the upper 
limit of the instrument is 1,000 foot-candles. d 

In a slightly modified form of this photometer, shown in plan 
in Fig. 230 (85), the lamp is contained in a cylindrical enclosure, and 


Fria. 230.—Second Form of Lumeter. 


instead of the screens L, and L, an opaque cylinder having an 
aperture of the shape shown in Fig. 231 moves across the window. 
A single handle with a scale of the 
kind shown can then be used. Unless 
the aperture is very carefully cut, 
the readings in the neighbourhood of 
0-2 foot-candle, where the change of 
scale takes place, are liable to be 
inaccurate, and for this reason a 
slot with three steps has been adopted 


Ewe hemos We oan eg in the latest models. The instrument is 
Foot - Candles calibrated by means of a standard 
Fra. 231—Modified Form of lamp, placed so as to give a known 
Lumeter Screens and Window. illumination at 7’, the lamp ZL being 


moved back and forth until a photo- 
metric balance is obtained when the true reading is given by H 
or 2... 
In some types of portable photometer a neutral wedge is used 
instead of a diaphragm of variable opening (°°). 
The ‘‘ Foot-Candle Meter.’’—-Although scarcely to be classed as 
a “ photometer,” and probably better described as an “ illumination 
gauge,” the instrument shown in Fig. 232 is convenient for rough 
measurements of illumination where the use of a photometer is 
impossible or inconvenient (37). The lamp L illuminates the under 
side of a long screen S, partly by direct light and partly by reflection 
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from a strip of mirror M, which is tilted as required when the 
instrument is re-adjusted from time to time. S consists of a strip of 
opaque white paper with a row of Bunsen spots in it. Since the 
brightness of these spots decreases progressively from the end of 


the screen which is nearest to the lamp, any given illumination of 
the screen from above 


will cause one of the 
spots to match its sur- 
roundings in brightness, 
while all those on the 
right appear bright, and 
those on the left appear 
dark. An _ empirically 
graduated scale printed 
on the screen enables 
the illumination to be 
read directly in  foot- a 


candles. The lamp is 
: a Tee eee earth ol ale tai) Passa eae il 
supplied with current ee ee ae Br 


from a dry battery, the 
rheostat R being turned 
until the correct indica- 
tion is given by the volt- 
meter V. To extend the 
range of the instrument 
downwards, & may be 
increased until the volt- 


meter needle indicates a ctins 
division marked 1 / 10. Fic. 232.—The Foot-candle Meter. 


The candle-power of the 

lamp is then one-tenth of its normal value, and the instrument 
therefore measures from 0-1 to 4 foot candles instead of from 1 to 
40, as when the full current is passing through the lamp (°°). An 
instrument of this kind can be used for making instantaneous 
measurements of a rapidly fluctuating illumination (see p. 185). 

Illumination Measurement by Physical Photometry.—Some of the 
types of physical photometers described in Chapter XI. have been 
applied to the measurement of illumination (*%). In particular, 
various kinds of light-sensitive chemical papers have been used for 
measuring the daylight illumination in rooms (#°). The difficulties 
introduced by the special nature of the sensitivity curves of such 
instruments make this method valueless, however, except for obtain- 
ing either the relative values of illumination at different points in 
a room, or the fluctuations of illumination which take place at any 
particular point. In these cases the measurements are comparable 
so long as they. refer to light of identical spectral distribution. It 
is to be remarked, however, that the spectral distribution of daylight 
is very far from constant (4). 

Precautions in the Use of Illumination Photometers (12).—From 
the descriptions of illumination photometers which have been given 
in the preceding sections it will be noticed that almost without 
exception these instruments depend on a more or less arbitrary 
scale for indicating the value of the illumination which is being 
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- measured. Even in instruments of the Weber type, which nominally 

depend solely on the inverse square law, the distance at disposal 
for the movement of the lamp is so restricted that, unless very great 
care is taken in the design and manufacture of such instruments, 
quite appreciable errors are likely to arise from the use of scales based 
absolutely on this law. Even supposing this difficulty overcome, the 
impossibility of securing absolute symmetry on the two sides of the 
photometric device still makes the use of a substitution method 
indispensable, quite apart from the impossibility of accommodating 
a standard lamp in the instrument. 

It follows that an illumination photometer should be standardised 
before every period of use, either to ensure that the instrumental 
constant is as near unity as may be necessary in the work which is 
to be undertaken, or, failing this, to determine the correct value of 
the constant so that a correction factor may be applied to the 
instrument readings. The latter scheme is inconvenient, and pro- 
vision is made in most modern illumination photometers for easy 
adjustment of the lamp to give a constant of unity. Change of 
constant with lapse of time may be due to (a) reduction of reflection 
factor of the test surface due to dirt or discoloration; (b) ageing 
of the lamp inside the instrument ; (c) change, due to dirt or other 
causes, in the transmission factor of glass plates or other devices 
through which any part of the light has to pass; (d) change in the 
voltage of the battery supplying current if the standard source is 
an electric lamp. Of these four causes, the first three may be assumed 
to take place progressively and at a comparatively slow rate; the 
fourth will be dealt with in detail later (*%). 

It is necessary, then, to provide a known standard illumination 
with which to check the photometer before commencing work with 
it. Quite the most accurate means of doing this in a photometric 
laboratory is to mount a standard lamp on the photometer bench in 
the usual way (see p. 151), and to place the test surface of the 
photometer in such a position on the axis of the bench that it is 
normal to the incident light, while its plane passes through the mark 
on the bench which indicates that the illumination has the value 
at which a check reading of the instrument is desired, e.g., 10 
metre-candles or 1 foot-candle (#4). The instrument pointer is 
set to this reading, and the lamp adjustment is altered until a 
photometric balance is obtained. It is important that, in the 
case of an instrument with a detached test surface, the actual 
surface to be used in subsequent work should be used for the 
standardisation. 

The process of calibrating an instrument is carried out in a similar 
manner, except that the lamp adjustment is arranged to give a 
minimum error over the greater part of the scale, or its more im- 
portant part, and the actual magnitude of the error at every part 
of the scale is then determined. In photometers which include 
neutral filters or similar devices for extending the range of the 
instrument, the accurate determination of the transmission factors 
of these filters is included as part of the calibration of the instrument. 
This determination may be carried out by checking the instrument 
carefully at a convenient value of illumination H, say, with no filter 
in use. The filter (of nominal transmission factor 7) is then inserted 
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and the illumination of the standard surface is raised to Z/r. The 
difference between the old and new readings of the instrument gives 
at once the error in r. In portable instruments errors of scale 
reading amounting to + 2 to 3 per cent. over the working parts of 
the scale are regarded as admissible, since this is within the accuracy 
aimed at in work carried out with these instruments. 

In cases where a photometer bench and sub-standard are not 
available for checking a portable photometer it is necessary to use 
some form of portable standard or “calibrator.” The apparatus 
designed for this purpose in connection with the Macbeth illumino- 
meter has been described already (see p. 347 and Fig. 224). In the 
case of the Sharp-Millar photometer a short tube containing an aged_ 
and standardised lamp fits over the end of the transmitting test 
surface, and is registered in such a position that it gives the latter a 
known definite illumination. 

It is now necessary to consider the fourth of the sources of error 
in illumination photometers which were enumerated above, viz., the 
alteration of battery voltage. An essential part of every illumination 
photometer (disregarding acuity and physical instruments) is its 
comparison lamp, and in all modern instruments this is an electric 
glow lamp supplied with current from a portable battery (45). The 
requirement as to portability results in two practical difficulties of 
design and sources of error in use. The first of these, and the one 
more easily remedied, is the possibility of an imperfect contact 
somewhere in the electrical circuit. The great importance of this 
arises from the fact that a portable battery is essentially of a low 
voltage, one of 2 or 4 volts being employed in most cases. The remedy 
is extremely simple. All permanent contacts should be soldered, 
terminals making semi-permanent connection should have clean 
surfaces and should be screwed down as tightly as possible, and the 
lamp should have a screw cap and be firmly seated. A screw cap 
sometimes exhibits a tendency to become loose in its socket after 
a short period of use. Its firmness should be ascertained at frequent 
intervals. In many instruments, especially those of the most portable 
type, where the battery has to be as small as possible, a switch is 
provided in the lamp circuit so that the lamp is alight only while 
the measurement is actually being made. A press switch must be 
very firmly held during a reading and the contacts must be kept 
absolutely clean. A knife switch, such as that used in the Trotter 
photometer, is much to be preferred. A switch of more robust type, 
such as an ordinary tumbler, may be put in parallel with the press 
switch, for use when a large number of readings have to be taken in 
a short period. A small ammeter in the lamp circuit is useful for 
giving an immediate indication of contact trouble, and in this 
respect it is preferable to a voltmeter (*%). A faulty contact will 
frequently manifest itself unmistakably by a flicker in the photo- 
meter field, or by sudden changes of reading quite outside the 
ordinary experimental error. 

The second source of trouble due to the portability of the battery 
is the gradual diminution of voltage as the battery is discharged. 
Tn some instruments no attempt is made to regulate the current, the 
lamp circuit being simply connected straight across the battery 
terminals. The instrument reading therefore depends on the 
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battery voltage, and will be in error by 4 per cent. or more * for every 
1 per cent. of difference between the actual battery voltage and the 
voltage which was supplied to the instrument when it was being 
calibrated. In the case of a lead accumulator of fairly large capacity 
and of suitable design, the voltage during discharge is very constant 
after the first half-hour, as shown by the discharge curve of Fig. 232. 


2 3 4 5 
Hours Discharge at 04 Amps. 
Fig. 233.—Discharge Curve for a Lead Accumulator. 


The capacity of the battery should, however, be such as to give a 
total period of discharge, with the current taken by the lamp, of at 
least twelve hours; i.e., a 0-5-amp. lamp requires a battery of at 
least 6 amp.-hours capacity, while it should not be used for more 
than half this period, 7.e., the total time during which it is actually 
supplying current should not exceed six hours. The preliminary 
excess voltage after charging must be avoided by discharging the 
cell for at least half an hour at its normal rate before it is connected 
to the photometer. It should not be forgotten that accumulators 
become discharged gradually even when not used. 

In accurate work an ammeter or voltmeter should always be used 
in the lamp circuit, so that the current may be regulated to the 
correct value (#7). In the case of small lamps, such as are generally 
used in portable photometers, the rate of change of candle-power 
with current or voltage is higher than in the case of normal tungsten 
filament lamps; a change of 1 per cent. in current may cause a 
change of as much as 10 to 11 per cent. in candle-power. For this 
reason the accuracy of setting is higher with a voltmeter than with 
an ammeter. When a voltmeter is used, it should be so connected 
that it is always in circuit when the lamp is alight. 

In some instruments dry cells are used in place of accumulators. 
The discharge curve for these is much less flat, so that frequent 
regulation of the lamp current is a necessity in such instruments (4). 
Their freedom from the unpleasant consequences arising from the 
accidental spilling of acid, apparently inevitable at some time or 
another when lead accumulators are used, give them, however, a 
considerable practical advantage. 

An ingenious method of voltage regulation which has been 
suggested (4°) depends on the difference between the voltage/candle- 
power characteristics of a tungsten lamp and an under-run carbon 
lamp (see Fig. 234). Provision is made for substituting for the 
standard surface in the photometer a surface illuminated by a 
combination of an under-run carbon lamp with a blue filter. This 


* The ordinary volt/c.p. characteristic of tungsten lamps of normal type does not apply 
to very low voltage lamps of the type used in portable photometers. 
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lamp is in parallel with the tungsten comparison lamp, and the 
voltage of the two together is adjusted by means of a resistance 
until the correct value is obtained, as indicated by a brightness 
balance in the photometer. This device was originally suggested 
for the provisiow of a portable light standard (5°). 

There is one source of error in illumination photometry which 
so far has not been considered, viz., colour difference. When the 
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Fira. 234.—The Characteristic Curves for Carbon and Tungsten Lamps. 


comparison source is a metal filament glow lamp operating at or 
near its normal efficiency, little difficulty is generally experienced 
due to colour difference when artificial illumination is being measured, 
except in the case of lighting by are lamps or mercury vapour 
lamps (*!). Further, the accuracy aimed at is usually not so high 
as in the case of candle-power photometry, so that a small colour 
difference does not invalidate the results obtained. For daylight 
measurements, however, the difference of colour is enormous, and it 
is usual to employ a colour filter to obtain an approximate match (°”). 
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Since the transmission factor of this filter can be accurately deter- 
mined in the laboratory, all that is necessary is to multiply the 
readings of the instrument by a correction factor when the filter is 
in use. Since the transmission factor varies with the colour of the 
light passing through the filter (see p. 249), it follows that a blue 
filter should be inserted in front of the tungsten lamp, as the light 
given by this is of constant spectral distribution, while daylight is 
not. Unfortunately this reduces the brightness of the comparison 
surface, which is generally already at least as low as is desirable 
for accurate work, so that it has become customary to employ a 
yellow filter in the path of the light coming from outside the instru- 
ment, and to ignore the variation of transmission factor as between, 
say, sunlight and the light from a blue sky. 

The Method of Measuring Illumination.—Whatever be the instru- 
ment employed, the general principles of the method of making a 
measurement of the illumination at a point are the same. Unless 
otherwise specified, it is usual to assume that the illumination 
measured is that of a horizontal surface at the point under considera- 
tion. The test surface must, therefore, be put as nearly as possible 
in the horizontal position. It generally happens that the greater 
part of the illumination is due to light which is incident at an angle 
of 45° or less, so that a tilt of 2° in any direction on the test surface 
does nct introduce an error of more than 3} per cent. in the value 
assigned to the most oblique component. When, however, this is 
not the case, and a considerable part of the light is incident obliquely, 
more care must be exercised in the exact positioning of the surface. 
With a little care it is usually possible to adjust the level of the 
surface to within 2° by eye. A self-levelling device has been described 
by W. F. Little (°°). Occasionally it is of more importance to know 
the illumination of a vertical or a sloping surface (e.g., the wall of a 
picture gallery, the desk of a library, efc.), and in such cases the 
position of the test surface should always be specified, i.e., its angle 
of slope and the direction of its normal. 

Frequently the exact position of the surface is determined by the 
nature of the illumination problem under investigation. For 
example, the bed of a lathe, the plate of a sewing machine, the 
surface of a desk, etc., define the points where illumination is needed 
and where it must be measured. When this is not the case, however, 
and the illumination is treated generally, the test surface is placed 
at some definite height above floor level agreed upon as the height 
of the “‘ working plane.” It is regrettable that this height has not 
been the subject of more general agreement (4). Ordinary table 
height is about 2 feet 6 inches, but a very usual height for the working 
plane on the Continent, and a very convenient height for work which 
is carried on while standing, is the l-metre level. Sometimes the 
floor level is taken when there is no obstruction from objects in the 
room. The average illumination is, clearly, the same whatever be 
the height of the plane (below the level of the lamps), except for the 
small amount of light absorbed by the extra strip of wall, but the 
distribution of the light may be very different, especially when the 
light sources are low. : 

When the test surface has been placed in position, the observer 
and photometer must be arranged so that (a) the surface fills the 


Fig. 235.—The Method of Measuring Hlumination, 


(To face p. 360. 
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field of view of the instrument, (6) the angle at which the surface is 
viewed is not too oblique (see p. 345), and (c) no shadows are cast 
on the surface by either the observer or the instrument. The import- 
ance of these requirements has been dealt with at length in an earlier 
part of this chapter. Generally speaking, the angle which the line 
- of view makes with the normal to the test surface should not 
exceed 20° to 30°. In the Trotter photometer special provision is 
made for ensuring that this condition is complied with. The test 
surface # (Fig. 226, p. 350) has a single slot, while the tilting surface 
C has two small black pointers, one on each side, in the line of the 
shaft on which it turns. The two surfaces F and C are so arranged 
that, when the angle of view is 20°, by moving the head a little 
sideways one of these pointers may be seen occupying each end of | 
the slot as shown in Fig. 226. With most instruments having an 
attached test surface the difficulty does not arise. The third 
of the requirements mentioned above, viz., avoidance of shadow 
cast by observer or photometer, is difficult of fulfilment with some 
instruments, but it is nevertheless of considerable importance, 
especially in the case of an illumination by diffused light, or when 
the number of sources contributing to the illumination is large, so 
that light reaches the test surface from all directions. In the case 
of the Sharp-Millar photometer, the test surface is above the level of 
the observer and the remainder of the instrument. With instruments 
employing a reflecting test surface the best that can be done is 
to remove the photometer and the observer to as great a distance as 
possible from the test surface while still fulfilling requirement (a) 
above. The solid angle obstructed is then as small as possible. 
Judicious choice of position, when some sources do not contribute 
much to the total illumination, will also assist materially in reducing 
errors arising from this cause. 

There is one special problem in illumination measurement which 
is of sufficient importance to need separate notice. This is the 
measurement of street illumination. It is a question long debated 
whether the illumination of a vertical or a horizontal surface is the 
more important, and therefore a fairer criterion of the efficiency of 
any system of street lighting (°°). This is a question of illumination 
engineering, the discussion of which lies outside the scope of this 
book, but as the balance of opinion seems to lie rather in favour of 
the horizontal position, it is necessary to point out that in this 
case the light is frequently incident on the test surface very obliquely, 
so that an error of as little as 1° in the level of the card may produce 
a marked inaccuracy in the results, while lack of perfect diffusion 
in the test surface becomes very important. For this reason the 
illumination of the horizontal plane is frequently obtained by calcula- 
tion from measurements of direct illumination. The test surface is 
tilted so that the only light it receives is that which reaches it 
normally from one of the sources contributing to the illumination 
at the point in question. The direct illumination thus measured is 
multiplied by the cosine of the angle which the light makes with the 
vertical, and the illumination of the horizontal surface due to this 
single source is thus obtained. The total illumination is found by 
summing the components thus measured for each of the different 
sources contributing to the illumination at the point of observation. 
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A special form of test surface, designed to weight equally the light 
received from all directions, has been described (°°). 

The Distribution of Illumination.—The method of calculating the 
illumination at different points on a given plane (e.g., the working 
plane in a room or workshop, the road surface in a street, efc.) due 
to the direct light received from a number of sources of known 
candle-power distribution, and placed in known positions with 
respect to the plane, has already been described (see p. 97). 

The carrying out of such calculations and the corrections to be 
made to the results on account of light reflected from surrounding 
objects—particularly the walls and ceiling in the case of a room (®*)— 
or on account of the interposition of obstructions, is the function of 
the illumination engineer, to whom belongs also the duty of designing 
installations on the data provided for him by the photometer. For 
a description of the details which have to be considered in the design 
of a lighting installation, such as the illumination intensity required 
for a particular process, the use of shades and reflectors to avoid 
glare, the performance of the light sources commercially available, 
etc., reference must be made to some book dealing with illumination 
engineering, several of which are named in the bibliography at the 
end of this chapter. 

In an actual installation the distribution of illumination can be 
determined experimentally by means of measurements with an 
illumination photometer at as many points as may be desired on 
the working plane (5). These measurements include the effect of 
the reflected light above referred to, and if they are plotted on a 
plan of the area under investigation the points of equal illumination 
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Ita. 236.—Iso-lux Curves for the Avenue de Opéra (Paris). Figures indicate 
metre-candles. 


can be joined by curves, so that an iso-lux diagram is obtained 
(see Fig. 236) (5°). 
Although either an illumination curve or an iso-lux diagram 
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(see p. 98) may be used to obtain a mental conception of the effect 
of a given system of light sources of known distribution, it is, never- 
theless, desirable to have some definite figure by which the illumina- 
tion performance of two lighting systems may be compared. This is 
analogous to the comparison of the light-giving power of two sources 
in terms of their total luminous flux, instead of by the more detailed 
but comparatively cumbrous polar diagrams. 

The Average Illumination.—Various suggestions have been made 
for a basis of comparison of different illumination systems. On the 
whole the average illumination, or, what is equivalent to it, the 
average flux per unit area (generally expressed in lumens per square 
metre or per square foot), has been most generally adopted for indoor 
illumination. This means that for a direct lighting system, where 
the reflection from walls and ceiling can be neglected to the approxi- 
mation desired, the average illumination in metre-candles is equal 
to the total mean lower hemispherical candle-powers of all the sources 
in the room, multiplied by 27 and divided by the area of the room 
in square metres (°°). In systems where the reflected light is con- 
siderable, the ratio of the total flux reaching the working plane to 
the total flux given by the sources is termed the “‘ utilisation factor ”’ 
or “coefficient of utilisation’ of the installation (°1). Thus the 
average illumination is equal to uF/A, where wu is the utilisation 
factor, F the total flux from the sources, and A the area of the 
working plane. 

The Variation Factor.—The description of a system by the average 
illumination gives no indication of the distribution of illumination 
over the room. If there be only a few sources of high candle-power, 
the illumination may be concentrated in the regions underneath a 
source, leaving the other parts of the room in comparative darkness. 
For this reason a second figure of merit, giving the ratio of maximum 
to minimum illumination in the useful area of the room, has been 
proposed as an addition to the average illumination. This figure is 
termed the “ variation range.”’ * 

Trotter’s ‘‘ Characteristic Curve.’’—Another method of de- 
scribing an illumination system has been called by Trotter (6?) a 
characteristic curve. This is a curve having for its abscisse areas, 
and for ordinates the values of the minimum illumination over those 
areas. Thus, referring to the illumination diagram shown in Fig. 46 
(p. 97), it will be seen that the illumination at all points within a 
circular area of radius 5 metres equals or exceeds 2-1 metre-candles. 
The area of this circle is 78-5 square metres, and therefore the 
point (78:5, 2-1) is a point on the characteristic curve which is 
shown in Fig. 237. Since the absciss of this curve represent areas, 
the mean ordinate of this diagram, as far as any given ordinate, is 
equal to the average illumination over the circle having an area 
represented by the corresponding abscissa. Thus the average illu- 
mination over a circle 250 sq. metres in area is equal to the mean 
ordinate of the curve to the left of BO, i.e., to 1:68 metre-candles. 

The Measurement of Diffusion.—It is sometimes of importance in 


* Occasionally “ diversity factor.” The ratio of the maximum (or the minimum) 
illumination to the average illumination is termed the “‘ variation factor.” See Report 
of Committee on Nomenclature, Illum. Eng. Soc. N. Y., Trans., 13, 7978, p. 517; C:.E, 
Proc., 6, 1924, p. 178. 
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practical lighting problems to know how much of the total light 
which reaches a certain point in a room is “ direct,” 7.e., received 
from the source without reflection from the walls or ceiling, and how 
much is “diffused.” This can be determined by placing a small 
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opaque screen at a short distance from the point, and in such a 
position that the umbral part of its shadow, cast by the light source 
illuminating the point, completely covers the test surface of an 
illumination photometer placed at the point. If # be the total 
illumination, and EH’ the illumination when the surface is screened 
from the direct light, the fraction 100(# — E’)/E may be termed 
the percentage of “ direct ’’ illumination, and 100 £’/E the percentage 
of “‘ diffused ”’ or “‘ indirect ”’ illumination. If more than one source 
contribute to the illumination at the point, a measurement must be 
made with each source screened in turn. The direct component is 
then &(H# — EH’), and the diffused component H — %(# — E’). 

A special piece of apparatus has been designed as an auxiliary 
to an illumination photometer for the purpose of making measure- 
ments of this kind (8°). 

The Measurement of Daylight.—While the artificial lighting of 
an area may be described quite definitely by measurements of the 
illumination at various positions within that area, since the sources 
of the illumination are, within practical limits, under control and 
constant from hour to hour, in the case of natural lighting the 
conditions are altogether different. Owing, no doubt, to the 
wonderful ease with which the eye can adapt itself to quite large 
changes of brightness without any conscious effort, it is seldom 
realised how large and how rapid are the fluctuations which occur 
under ordinary conditions of daylight illumination. Large variations, 
such as those which have to be allowed for by the photographer, 
are perceived when the attention is specially directed to them, but 
in the majority of cases the degree of illumination is so much above 
the minimum required for comfortable vision that variations of 
25 per cent. or less are quite unnoticed. It is only at dusk, when the 
lower limit of comfort is approached, that differences of this order 
become apparent. Fig. 238 shows the daylight illumination of a 
horizontal surface in the open as actually measured on two typical 
equinoctial days, direct sunlight being shielded from the test 
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surface (4). It will be seen that in the upper curve variations of 


25 per cent. occurred within a period of five minutes, and yet to 


any one relying solely upon the eye for measurement the illumination 
appeared to be quite constant. 

It is clear that the daylight illumination at any point, indoors 
as well as out of doors, depends entirely on the brightness of that 
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part of the sky from which the point in question receives its light. 
Hence it follows that a measurement of the daylight illumination 
in a room, taken at any particular instant, is quite destitute of any 
permanent value unless related to the brightness of the sky at the 
same instant. 

Daylight Factor : Sill Ratio.—Several different methods have been 
used for expressing the relation between the daylight illumination 
at any point and the simultaneous value of the sky brightness, 
depending upon whether the basis of comparison taken is the average 
brightness of the whole sky or the brightness of that particular region 
which is most effective in illuminating the point considered. 

In the former case the illumination of a horizontal surface at the 
point in question is expressed as a fraction of the simultaneous 
illumination of a horizontal surface placed in the open with a com- 
pletely unobstructed horizon (®). This fraction (usually written 
as a percentage) is termed the “ daylight factor ” for the point, or 
sometimes the “‘ window efficiency ” (®*). 

It will be clear from what has been said in Chapter IV. (p. 102) 
that the illumination of a surface exposed to a complete hemisphere 
of sky is equal to 7B if the sky be of uniform brightness B (°’). If, 
however, the sky be not uniform in brightness, the illumination will 
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have an average value in which the sky brightness in the neighbour- 
hood of the zenith is heavily weighted.* 

In order to measure the illumination of the open surface some 
position with an unobstructed horizon is necessary. Sometimes 
the roof of the building in which the indoor measurements are being 
made is found to be suitable, but it is not infrequently difficult to 
obtain easy access to a spot which has an adequately unobstructed 
view of the whole sky. Fortunately, as has been said above, the 
horizon contributes least to the total illumination, and for a uniform 
sky the percentage reduction due to obstructions on the horizon 
having an angular height 0 is easily found to be 50(1 — cos 28),7 


which, as shown in Fig. 
239, is less than 7 per 
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where a sufficiently open 
position cannot be found, 
the best that can be done 
is to use the brightness 
of the sky at the zenith 
instead of the average 
brightness of the whole 
sky. This may conve- 
niently be done by means 
of a tubular attachment 
devised by A. P. Trot- 
ter (6), and shown in 
section in Fig. 240. The 
tube TJ, which is 
blackened inside, is 
placed over the test sur- 
face P. It has a side 
tube #, through which 
the surface is observed 
and its brightness 


it 
oO 


be 
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¥iq. 239.—The Effect of Obstructions on the dia p hra gm A, the 
Horizon. opening of which is 


calculated, in relation 
to its height from the surface, to give the latter a brightness 
which is some definite fraction of the brightness it would have if 


It can easily be shown, for example, that if the sky be of brightness B cos @ where @ 
is the angular distance from the zenith, then, while the true average brightness of the 
sky is B/2, the illumination of the horizontal surface is 7(2B/3). For the average brightness 
ar 2 
Bie keane ai Ss = GA eee : ; aethe 
equals (see Fig. 49, p. 100) (1/2a7 | B cos 8. 2rr sin @. 7d@, while the illumination of the 


1/2 : 


surface is (B cos 6/r?) cos 0. 2x7 sin 6 rdé. 
Jo 
6 amr | 2 
+ 100 | sin @. cos 0 ao || sin @. cos 6 d@. See, e.g., J. Rheinauer, “ Grundziice d 
0 ali 4 
Photometrie ” (Halle, 7862), p. 16. 
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exposed to a complete hemisphere of sky of the same brightness as 
that of the actual sky above the diaphragm. Assuming a sky 
brightness B, the illumination of the open surface is, as has been said, 
7B, while if the area of the diaphragm be a and its distance from 
the surface h, the illumination of the covered surface is aB/h®, so that 
the fraction in this case is a/7h®. If the aperture be round and of 
radius 7, the fraction is clearly r2/h?. It is 
important to ensure that no light shall be 
admitted at H when the measurements are 
being made. A ‘daylight attachment ” 
embodying this principle has been designed 
for use with several of the portable photo- 
meters above described. In these the tube 
is rigidly attached to the instrument, so 
that no stray light can be admitted. Dia- 
phragms of various sizes for. use under 
different conditions of sky brightness are 
provided. 

Although the direction in which the 
daylight attachment is pointed makes no 
difference when the sky is uniformly bright, 
under practical conditions, since the zenith 
brightness is the most heavily weighted in 
the average giving the illumination of an 
open surface, it is best to use some part of 
the zenith sky for the measurement, so 
that as close an approximation as possible pig. 240.—The Trotter 
to open surface measurements may be Daylight Attachment. 
obtained. The variation of sky brightness 
on a sunny day with a blue sky and white cumuli may be strikingly 
seen in the Trotter daylight attachment, the brightness of the test 
surface suddenly increasing by perhaps 100 per cent. as a white 
cloud moves across the zenith. 

The rapidity with which the sky brightness is liable to change 
makes it necessary to ensure that the indoor and outdoor measure- 
ments are made as nearly as possible at the same instant. This can 
be achieved fairly simply by arranging that the outdoor measure- 
ments shall be made every minute, while the indoor measurements 
are made only at exact minutes. If the two observers synchronise 
watches before starting work, and each notes the times against his 
observations, a subsequent comparison of the two records enables 
each of the indoor values to be expressed in terms of the outdoor 
value taken at as nearly as possible the same instant. 

Although the method of expressing daylight factor on the basis 
of the average sky brightness possesses some advantages, the non- 
uniformity of the sky brightness on most days (®) introduces a 
considerable element of uncertainty into the values thus obtained, 
and probably the most convenient method of expressing the daylight 
illumination at any point in a building is by reference to the 
simultaneous brightness of that part of the sky which is most effective 
in illuminating the point considered. When part of the sky is visible 
from the point, there is no doubt as to the region in which the sky 
brightness is to be measured. In other cases this region may be 
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taken as that which illuminates the lightest and most extensive 
surface visible from the point where the daylight factor is being 
determined. ; ‘ : 
When this system or method of expressing daylight factors is 
adopted, the factor is the ratio of the indoor illumination to the 
illumination of an imaginary horizontal surface receiving light from 
a complete hemisphere (or quartersphere) of sky having a uniform 
brightness equal to the brightness of the particular part of the sky 
measured. It follows that if this latter brightness be B, while the 
indoor illumination is H, the daylight factor is Z/7B or 2E/7B, 
according as the hemisphere or quartersphere is used. The latter 
form of the factor is termed the “ sill ratio,” since a surface placed 
on the sill of an unobstructed window receives light from a quarter- 
sphere of sky. ; 
With some portable photometers, particularly those having a 
detached test surface, it is quite convenient to make a measurement 
of the illumination Z at the point considered, and then to direct the 
photometer towards the visible patch of sky and make a second 
measurement H#,, regarding the sky as a test surface. If the trans- 
mission factor of the window through which the measurement is made 
be 7, while the reflection factor of the photometer test surface is p, 
the daylight factor (sill ratio) is clearly 27H /p£,. 
Several very convenient instruments, called “relative photo- 
meters ” (9), have been designed for enabling the daylight factor 
to be obtained directly 
. without the necessity for 
ee eee using any auxiliary light 


Direction To Sky source such as is required 

Se with an ordinary portable 
x photometer. 

In the Thorner instru- 

Seal ment (Fig. 241) the lens 


L forms at C an image 

of the portion of sky 

visible through the win- 

_—_ Comparison. dow towards which the 

rte ees mirror is directed. The 

brightness of this image 

is varied, by means of a 

diaphragm over ZL, until 

it matches the portion of 

. the standard surface seen 

& through the aperture in C. 

\ Standard Weber's relative photo- 

\. Surface meter (Fig. 242) is similar 
in principle. 

Fra, 241.—Thorner’s Illumination Tester. A simple instrument 

of this kind, the ‘‘ hemera- 

photometer,” is shown in Fig. 243 (71). The light metal tube 7 is 

blackened internally and fitted with diaphragms to eliminate stray 

light. When the instrument is in use the light from the sky passes 

through the aperture in the iris diaphragm J and illuminates the 

opaque matt white disc D. This disc has an aperture A, the edges of 
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which are sharply bevelled, and the eye at F views a detached test 
surface through A. This detached test surface is placed at the point 


To Window 


* Variable 
Diaphragm 

Direction 

of View 


Fig. 242.—Weber’s Relative Photometer. 


for which the daylight factor is to be measured, and photometric 
balance between the brightness of this surface and that of the dise D 


Fic. 243.—The Hemeraphotometer. 


seen surrounding it is achieved by varying the aperture of f. Pisa 
lever for effecting this variation, and carries a pointer by means of 
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which the daylight factor can be read directly on a previously 
calibrated scale. If D and the detached test surface be of the same 
material, there is no correction for the reflection factor of the surface, 
but the correction for transmission of the window must still be 
made. 

J. Classen has used a system of mirrors by means of which it is 
possible to measure the illumination at any point in a room in terms 
of the illumination of some other arbitrarily chosen point (77). A 
measurement of this kind sometimes gives useful information as to 
the distribution of light in a room, but the same information can be 
obtained from values of the daylight factor measured in the manner 
described above. 

The Calculation of Daylight Factor.—The daylight factor at a 
given point in a building may be calculated with considerable 
accuracy by regarding the area of sky directly visible from the point 
in question as a diffusing surface of uniform brightness B, and 
calculating the illumination at the point due to this surface. If this 
illumination be #, the daylight factor (sill ratio) is, as has been said, 
2H/7B. When the patch of sky is of some regular shape, e.g., circular 
or rectangular, the value of H may be calculated from one of the 
formule given in Chapter IV. (p. 106) (7%). In general, however, 
the shape of the visible sky is quite irregular, and recourse must then 
be had either to approximate formulz or to some graphical method. 

In Pleier’s formula (*4) the light from the patch of sky is treated 
as if it all came from a point in the centre of the patch, and the 
results are therefore somewhat inaccurate if the patch be large. A 
theoretically correct graphical solution has been given by P. J. and 
J. M. Waldram (*5). The outline of the patch of sky visible from a 
point is traced on the diagram shown in Fig. 244, in which the 
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Fig, 244.—Waldram’s Daylight Factor Diagram. 


abscisse are angles of azimuth ¢ (from any convenient zero direction) 
and the ordinates are proportional to (1 — cos 20), where @ is the 
angle of altitude from the horizontal. If P (Fig. 245) be an element 
of sky whose angles of azimuth and altitude are ¢ and @ respectively, 
the illumination of a horizontal surface at O is B sin 6.80.84 cos 86. 
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Hence the whole illumination is 4 B||sin 20 . 5450, which, on putting 


in the limits, becomes 
1 
7 B . 8¢ . (1 — cos 26). 


Thus the area of the patch of sky as 
plotted on the diagram is equal to the 
daylight factor, on the scale to which the 
area of the whole diagram, 6 = — 90° to 
+ 90° and 6 = 0° to 90°, is unity.* 

If the element of surface at the point 
considered be vertical instead of hori- 
zontal, ¢ must be measured from the 
normal to the surface, and the lengths 
of abscissee and ordinates are propor- 


tional respectively to (3 +4 sin 24) 


oO 
Fic. 245.—The Principle of the 
Graphical Determination of 


and G oi 4 sin 26) F Daylight Factor. 
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CHAPTER XIII 


MEASUREMENT OF BRIGHTNESS AND OF REFLECTION 
AND TRANSMISSION FACTORS 


REFLECTION 


The Measurement of Reflection Factors.—It has already been 
pointed out in Chapter IV. (p. 114) that the light reflected from a 
surface varies in its distribution according to (a) the direction of the 
incident light, and (b) the character of the surface. The variation 
of reflection factor with the spectral distribution of the incident 
light for all but perfectly white or grey surfaces was also considered 
(p. 111). It thus follows that for a measurement of reflection factor 
to be of value it must be made with light of a certain colour, and the 
direction of the incident light as well as the direction of the reflected 
light considered must be specified. Further, in the case of a surface 
for which any appreciable part of the light reflected in the direction 
considered is specularly reflected, the proportion of specularly to 
diffusely reflected light will depend on the distance and brightness 
of the source (1). 

When knowledge of the distribution of the reflected light, or of the 
reflection factor in some particular direction, is specially desired, it 
is measured directly by an obvious adaptation of ordinary photo- 
metric procedure (7). The apparatus may be set up as shown in 
plan in Fig. 246. S is the surface under investigation, fixed at one 


Fie. 246.—The Measurement of Reflection Factor in a Single Direction. 


end of a photometer bench. It is illuminated by a lamp Ls, which 
is carried on a radial arm capable of rotation through any desired 
angle about a vertical axis through S. The brightness of S is 
measured by means of a photometer P and comparison lamp Lp. 
The surface must be quite flat and its area A, as well as the candle- 
power of L,, must be known exactly if absolute values of p are required. 
If i be the angle which the incident light makes with the normal to 
the surface, while the (fixed) angle of aspect is ¢, the illumination 
of S is (Iy cos i)/d*. The brightness in the direction « is therefore 
(p.Ly cos t)/7d? candles per unit area, and its candle-power in the 
377 
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direction SP is A cos € (pI cos 7)/7d?. Since all the other quantities 
are known, p, can be found. It is to be noticed that in all cases, and 
especially if either « or i be great, J; must be large, or the candle- 
power of the surface will be too small and the photometer cannot 
be kept at a desirable distance from S. For instance, if S be 10 em. 
square, the distance of the photometer from it must be at least 
50 em. (for an accuracy of | per cent.), and the brightness of S 
should therefore be at least 250 candles per sq. metre. LL; may 
therefore be a 1,000 c.p. lamp placed at about 1 metre from S. 

The above arrangement gives values of p, for different values — 
of 7, « being in the plane of the incident light. For measurements 
with 7 constant and e variable the surface must turn with the radial 
arm which carries L,. Measurements with i and « in different planes 
can be made by raising or lowering L, (?). : 

A very convenient method of obtaining approximate values of 
p at various angles of aspect, both in the plane of incidence and in 
other planes, is that in which the reflecting surface is used as the 
test surface of a portable illumination photometer, such as the 
lumeter or luxometer (see p. 351) (4). Any convenient method may 
be used for positioning the instrument at known values of «. The 
relative values thus obtained may be converted to absolute values 
by comparison with some standard surface for which p is known, 
or alternatively by a measurement of the absolute value of p in some 
one convenient position by means of the more accurate method first 
described. 

The results obtained in this way for directions in a single plane 
may be expressed in the form of curves such as those of Fig. 218, 
p. 342. For directions in more than one plane a solid diagram is 
necessary (°) or an iso-candle diagram (see p. 89) may be used. 

Diffuse Reflection Factor: The Reflectometer.—It frequently 
happens that the value of p for a surface at any single value of ¢ 
and 7 is of less importance than the value of the diffuse reflection 
factor, 7.e., the ratio of the whole flux reflected by the surface in all 
directions to that incident at the surface when the illumination is 
perfectly diffused, 7.e., when the flux density is the same in all 
directions (*). The advantage of this is that a single figure may be 
used to give the performance of the surface as regards reflection 
under conditions of measurement which are perfectly defined. 
Several forms of apparatus have been devised to measure the diffuse 
reflection factor of a surface, either absolutely or in terms of some 
standard surface (7), but large errors are liable to occur in the 
measurements unless the conditions under which the instrument 
works are such as to give (i.) as perfect diffusion as possible for the 
incident light, and (ii.) a correct measurement of the total flux 
reflected by the surface. 

The most satisfactory form of diffuse reflectometer depends on 
the principle of the integrating sphere, which may be adapted to the 
measurement of diffuse reflection factors in several different ways (8). 
In some of these it is necessary to use some readily reproducible 
surface of already known reflection factor (such as magnesium 
carbonate) as a standard of comparison. Other methods give the 
absolute reflection factor directly. The theory of several of these 
methods has been given by A. H. Taylor (°). In the first the sphere 
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has a circular portion of its surface cut away as shown in Fig. 247, 


which gives an elevation in two perpendicular planes. A tube 7 


containing a lamp and lens, and fitted with opaque diaphragms, 
projects an intense patch of light on the sphere at P. B is the 
observing window of the sphere. 


The area of the sphere opening in relation to the total area of the - 
sphere must be exactly known. This fraction (a) may conveniently 


| | 
| | 


Fig. 247.—The Measurement of Diffuse Reflection Factor. 


be about 0-1. From measurements of the sphere brightness at B 
when (i.) DE is uncovered (b,), (ii.) DH is covered with a surface 
of the same reflection factor as that of the sphere surface (b), and 
(iii.) DE is covered with the surface under measurement (b,), it is 
possible to calculate p. For, in the first case, the flux escaping 
through DE is made up of two parts: (i.) that directly reflected 
from the luminous patch at P, and (ii.) that reflected from the . 
illuminated walls of the sphere. This flux, added to that absorbed 
(iii.) by the walls of the sphere and (iv.) by the walls at P, must 
be equal to the total flux received from the lamp (/), so that 


ap. + a’iby + a(1 — a)rbo/p, + of = F 


where p; and «, are respectively the reflection and absorption factors 
of the sphere surface (so that «, ++ p,; = 1) and a’ is the area of the 
(plane) circle at DE expressed as a fraction of the area of the surface 
of the sphere.* 

This equation gives 


by = ps F(1 — a)/mr{ pea’ + a(1 — a)}. 
In the third measurement, DH is covered by a surface of reflection 


factor p, so that the flux lost at DH is reduced in the ratio (1 — p): 1. 
Hence, since the brightness is now 0,, 
(1 — p)(ap,F + a'mb,) + «(1 — a)rb,/ps + oF = F 
* (i.) The total flux from P is ps¥ and is equally distributed over the surface of the 
sphere (see p. 206). (ii.) If the brightness of the sphere is 6g, the flux received by DE is 


thus 7b, multiplied by the area of DE relative to the sphere. (iii.) Since the brightness 
is by the flux emitted per unit area is 7b, and the flux received is, therefore, 7b o/ps. 


380 PHOTOMETRY 


and a 

bp = pe2XF{(1 — a) + ap}/m{a'p(l — p) + (1 — A)xs |. 
Similarly, in the second measurement, when DE is covered by a 
surface of reflection factor ps, 


(1 — ps)(apsF + a’xb) + a5(1 —a)nb/p, + 4,F =F 


b = p.2F{ (1 — a) + ap,\/mas{a'ps + (1 —a)}. 


Thus 0/b, is a function only of a and a’, which are known from 
dimensions, and of p;, which can therefore be calculated. This 
done, b,/b) gives the required value of p. 

A rather more sensitive method is to project the patch of light 
on to the surface at DE instead of on to the sphere wall at P. If 
the value of p, be known by the first method, it is easy to show that 
the brightness at B when a surface of reflection factor p is placed 
at DE is proportional to pp,/{(1 —a)zs + a’ps%}. For the total 
flux F is absorbed: (i.) «F directly at DE ; (ii.) (1 — a)x,.(zb/p,) on 
the surface (1 — a) of the sphere, which has a brightness 6 and 
therefore receives 7b/p, lumens per unit area; (ili.) a’a7b at DE, 
since this surface, of area a’, receives 7b lumens per unit area by 
reflection from the sphere of brightness b. So that 


al + (1 — a)asrb/p, + a’anb = F. 


Thus 7b/F is a function of a, a’, as, ps and «. If, then, all except « 
be known, by placing different surfaces in turn at DZ it is possible 
to find the reflection factor of any of them if one is known. A thick 
piece of depolished opal glass forms a convenient standard surface 
for use in this way. A slight modification of the foregoing methods 
leads to the simple portable instrument shown in Fig. 248 (!°). The 
tube 7 is movable, so that the beam of light from Z may be projected 
on to either the test plate at A or a portion of the sphere wall at B. 
The part of the sphere wall at C is screened from A, so that it cannot 
receive light directly from the test surface when the latter is 
illuminated by the beam of light. The reflection factor of the test 
surface is the ratio of the brightness of C when A is illuminated by 
the beam to the brightness of C when B is thus illuminated, for 
in the first case, if # be the luminous flux in the beam, the surface 
acts just like a source of p# lumens placed in the sphere, and since 
C is screened from A its illumination is that of a sphere window 
under these conditions. When B is illuminated, however, the con- 
ditions are those which exist when a source of # lumens is placed 
in the sphere, for C, being unscreened from 8, is illuminated equally 
with the remainder of the sphere wall. ‘ 

It will be noticed that in this instrument perfect diffusion is 
assumed for the sphere walls, but the manner in which the light is 
reflected from the test surface is immaterial. On the other hand, the 
beam of light is not such as even to approximate conditions of 
perfectly diffuse illumination, and the values of p found may be in 
error on this account. A method in which the illumination is 
perfectly diffused has been described (11), but in this the brightness 
of the surface is measured in a single direction, so that unless the 
test surface be a perfect diffuser the values obtained may be in 
error (12). i 
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The Measurement of Specular Reflection.—The reflection factor 
of a mirror may be simply measured by the method indicated on 
p. 199. The candle-power of a source is measured (a) directly and 
(0) by reflection in the mirror, the distance of the source from the 


A 
Fic. 248.—The Portable Reflectometer. 


photometer being that actually traversed by the light (#3). Since 
the reflection factor of a good silvered mirror is between 80 and 
90 per cent., it is convenient to use several pieces so that the light 
suffers more than one reflection. The reflection factor is then 
x/Iu/I, where Iy is the apparent candle-power of the source after 
n reflections (14). In the case of a glass mirror the value of p thus 
found is that of the mirror as a whole, 7.e., the light reflected from 
the front surface of the glass is included with that reflected by the 
metal. Since the reflection factor varies slightly with the angle 
of incidence of the light, this angle should always be stated with a 
value of reflection factor. For an angle of about 45° the arrange- 
ment shown in plan in Fig. 249 is convenient. For most silvered 
mirrors of good quality the variation of reflection factor with the 
colour of the light is almost negligible (+°). 

The Reflection Factor of Semi-Matt Surfaces.—While it is true 
that the diffuse reflection factor is the most generally useful figure 
for expressing the reflecting power of matt or semi-matt surfaces, 
it is nevertheless desirable for certain purposes to obtain a rough 
measure of the proportion of light regularly reflected within a certain 
solid angle. A rigorous measurement is clearly impossible in this 
case, since it is found that light is “‘ regularly ”’ reflected in directions 
appreciably inclined to the direction of specular reflection. The 


“a. 


measurement may, however, be made with an instrument of specified 
design, such as the “glarimeter ”’ (1%), and the values obtained, 
although arbitrary, are comparable with one another and are useful 
for such purposes as the control of the calendering process in paper, 
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Fie. 249.—The Measurement of Specular Reflection Factor. 


the description of the surface finish in paints or enamels, ete. The 
instrument, which is shown in vertical section in Fig. 250, depends 
on the experimental fact that the regularly reflected light is almost 
completely polarised in the plane of incidence, while that diffusely 
reflected is unpolarised (17). Light from a source subtending a 
certain small solid angle (actually 0-038 steradian) illuminates the 
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Fia. 250.—The Glarimeter. 


surface under measurement at 7';, the light being incident at an | 
angle of about 57-5°. The Wollaston prism W (see p. 30) gives a 
double image of the slit S, and is so set that the specularly reflected 
light is completely extinguished in one image. The Nicol N is 
rotated until the two images are of equal brightness. In this case, 
if A be the angle of rotation of the Nicol, while D and S are the 
intensities of the diffuse and specular components, $D/(ED + 8S) = 
tan? A, or S/(D + 8) = cos 2A, i.e., the fraction of the whole light 
which is regularly reflected is equal to cos 24. 
An instrument which does not depend on polarisation is that 
shown in Fig. 251. The lamp Z can be moved, by means of a handle 
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carrying a pointer, between the mirrors M,, M,. In the bottom of 
the box is an aperture under which is placed the specimen to be 
measured. The lower part of the box is divided into two by a thin 
diaphragm placed parallel to 

the plane of the paper, and so lO ems 
arranged that half the speci- 
men is illuminated by light 
from M,, and the other half ¢ a eee E 
by light from M,. The speci- ‘ 
men is viewed either from E, 
or H,, where are placed small 
double prisms of the form 
shown in plan at the bottom 


of the figure. By this means Specimen 

the two parts of the specimen pata: 

are seen in juxtaposition. The Double Prism 
position of Z is altered until Fie. 251.—Trotter’s Gloss Tester. 


the brightness (B;) of the half 
of the specimen seen by light reflected in the direction of specular 
reflection is equal to the brightness (B,) of the half seen from the 
direction of the incident light. The instrument is scaled to give 
directly, from the position of L, the value of 100 B,/(Ba + B;) (18). 
Dependence of Reflection Factor on Colour.—It has already been 
pointed out that the reflection factor of any surface which is not 
perfectly white depends on the colour of the incident light (see p. 111). 
The determination of the spectral reflection curve of a surface may 
be carried out by means of a spectrophotometer. In the case of 
specular reflection the apparatus may be that shown diagram- 
matically in Fig. 252 (19). S is a uniform source of light, and J its 


Spectrophotometer 


Fig. 252.—Spectral Reflection Measurements for a Polished Surface. 


adjacent image formed by reflection in the concave mirror M, the 
surface of which is of the material (metal or other polished material) 
to be investigated. O is a lens which forms images of S and J 
respectively upon the two apertures of a suitable form of spectro- 
photometer (see p. 281). So long as the whole of the solid angle 
subtended by the lens O at the object is embraced by the mirror M 
the ratio of the intensities of the two images formed on the slit is 
the reflection factor of M for the frequency at which the measurement 
is made. Since in this method the light forming the two images at 
the spectrophotometer slits comes from opposite sides of S, it is 
necessary that the latter shall be a perfectly uniform source, e.g., the 
two sides of a wide strip of incandescent tungsten. Even so it is 
desirable that two sets of measurements should be mace, each side 
of S facing M in turn. 


oe -_ 
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For spectrophotometric measurements of diffuse reflection factor 
’ the apparatus sketched in Fig. 253 may be used (°). Bisa metal 
box coated on the inside with a diffusing white paint, and containing 
a number of lamps sufficient to give a high uniform illumination at 
the back of the box. 
It is kept cool by ex- 
terior water circulation. 
Two small apertures in 
the front of the box 
allow light diffusely re- 
flected from the back 
to illuminate the slits 
of the spectrophoto- 
meter. The surface of 
Fic. 253.—Spectral Reflection Measurements for a which the reflection fac- 
Diffusing Surface. 
tor is to be measured 
is placed first at P and then at Q, and the brightness at any part 
of the spectrum is compared with that of a small block of magnesium 
carbonate placed first at Q@ and then at P. 

It is to be remarked that the colour of the light or the constancy 
of the illumination do not affect the results, since the comparison 
surface of magnesium carbonate is equally affected. The reflection 
factors obtained are all relative to magnesium carbonate, but as 
the reflection factor for this material is in the neighbourhood of 
98 per cent., and is therefore almost independent of colour, a small 
constant correction factor can be applied throughout the spectrum 
in order to obtain absolute values (71). 

When determining either reflection or transmission factor curves 
it is sometimes convenient to invert the process described on p. 249 
for the calculation of the total factor, for if the total factor be 
known sufficiently accurately by direct measurement by ordinary 
photometric methods, the absolute value of the factor at any 
frequency can, it is clear, be calculated at once from a curve giving 
the relative values of the factor throughout the spectrum. This 
avoids the determination of the absolute factor by means of the 
spectrophotometer, but it cannot be used to give results of great 
accuracy, since it involves heterochromatic photometry with, prob- 
ably, a considerable colour difference. 

A colorimetric determination (on the trichromatic system) of 
the light reflected by a coloured surface may be made by measuring 
the reflection factor of the surface with some convenient reflecto- 
meter, placing in turn in the eyepiece of the instrument three glasses 
—red, green and blue—which thus become the instrument primaries 
(see Chapter X., p. 304) (??). 

It is clear that the light reflected from any coloured surface 
illuminated by white light may be measured by any of the methods 
of colorimetry described in Chapter X. The colour of the surface 
may thus be expressed on the monochromatic or on the trichromatic 
system. The same remark naturally applies to coloured transparent 
media (73), 

Nephelometry.—When light passes through a slightly turbid or 
cloudy medium, part of it is obstructed by the particles causing the 
cloudiness. Some of this light is truly absorbed, while the remainder 
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is scattered in all directions by reflection from the particles. It is 


this scattered light which renders visible the path of a beam of light 


traversing a dusty atmosphere. If the particles be small and their 
number not too great, so that the total cross-section of the beam is 
large compared swith the total cross-section of the particles situated 


in its path, then the absorption factor of a given thickness of the 


medium bears a linear relation to the concentration of the particles. 
For a constant concentration the transmission factor varies with 
the length of path of the beam, according to the ordinary exponential 
law (see p. 116). When the dimensions of the particles are of the 
same order of magnitude as the wave-length of the light considered, 
t= e-", where k= KNv", N being the number of particles per 
unit volume, v the wave-number (4), and » a constant whose value 
is 4 when the particles are very small compared with d (25). When, 
however, the particles are much larger, this law no longer holds at 
other than very weak concentrations, and the empirical relation 
T= 1—e™ has been suggested (76), where m = B/N*, B and B 
being constants whose values depend on the cross-section of the 
beam as well as on the length of its path in the medium, the frequency 
of the light, and the nature of the particles, so that the formula can 
only be regarded as affording a convenient method of interpolation 
between the readings given by standard suspensions. 

When the size of the particles and their concentration are both 
small, + is very nearly equal to unity, and an accurate measure of 
concentration is therefore very difficult to obtain by this method. 
A much more convenient measure in this case is that of the light 
scattered in a direction making a definite angle (frequently 90°) with 
the direction of the beam (27). This is the so-called Tyndall beam (?5), 
and several instruments for making this measurement have been 
described (?°) under the name of ‘“‘ Tyndall meters” or “ nephelo- 
meters.” * That of Mecklenburg and Valentiner is shown in 
Fig. 254. The light from the source S is focussed in the plane of B, 
a diaphragm with a small circular hole, which is completely filled 
with light. The beam from B is rendered parallel by the lens LZ, and 
is divided into two parts (Fig. 254 (a) ), the lower of which, after 
suffering four total internal reflections in the prism system P 
(Fig. 254 (6) ), traverses the lens L, and is brought to a focus at F, 
a point within the liquid under examination which is contained in 
the parallel-sided glass vessel 7’. The upper half of the beam from 
B illuminates a plaster screen G, which is seen through the three 
Nicols N,, VN, and Nz, the total reflection prism P,, and the Lummer- 
Brodhun cube L-B. The other face of this cube is illuminated by 
the light scattered by the liquid at / in the vertical direction (7.e., at 
90° to the original beam). Thus the brightness of the liquid at 7 
is compared with that of the screen G, and photometric balance is 


* The terminology appears to be somewhat confused at the present time. The name 
‘‘nephelometer ” has been used to designate an instrument for measuring the transmission 
factor (C. Chéneveau and R. Audubert, C. R., 170, 1920, p. 728 ; oF de Phys., 2, 1921, 

. 19). This is more properly called an ‘“ opacimeter ” (Lambert, F. Vlés and de Watte- 
ville, C. R., 168, 1919, p. 797), although the name “ turbidimeter ”’ is sometimes used when 


the instrument is employed in connection with the study of suspensions, colloids, etc. 
(J. T. W. Marshall and H. W. Banks, Am. Phil. Soc., Proc., 54, 1914, p. 176), Nephelo- 
metry proper, the measurement of the Tyndall beam, has also been ealled ‘‘ Tyndalli- 


metry ” (S. E. Sheppard and F. A. Elliott, Am. Chem. Sce., J., 43, 1921, p. 531) 
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obtained by rotating the Nicol N, about a vertical axis. The use 
of three Nicols avoids the possibility of error due to partial polarisa- 
tion of the light transmitted at G. The vessel 7’ is capable of an 
accurately measurable movement, both horizontal and vertical. 
By using the vertical movement it is possible to make measurements 


Fic. 254.—The Nephelometer of Mecklenburg and Valentiner. 


when F is at different depths below the surface of the liquid. The 
absorption of the Tyndall beam in the liquid itself can thus be 
allowed for by extrapolation. A small piece of auxiliary apparatus 
is provided for finding the height of # above the bottom of the 
vessel 7’. Measurements are also made with F at different distances 
from the “entrance” side of the vessel, and the results are again 
extrapolated to allow for absorption of the incident beam in the 
liquid. 
TRANSMISSION 


Measurement of Transmission Factor.—A somewhat similar 
problem to that of measuring the reflection factor of a surface is 
the determination of the transmission factor of any substance, 
generally in the form of a plate. The transmission factor of a 
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transparent plate is easily found by measuring the candle-power 
‘of a source with and without the plate between it and the photo- 
meter (*°). The value of 7 thus found is that of a plate of the medium 
regarded as a unit, and not that of a certain thickness of the medium. 
The reflection factor per surface may usually be calculated with 
sufficient accuracy from the refractive index (see p. 112). If this 
be p, while 7 is the actual transmission factor of the medium in a 
thickness equal to that of the plate, the light transmitted is easily 
seen to be (1 — p)?z/(1 — 7?p?) (see p. 117). If p = 0-04, while 
tT = 0-5, it will be seen that this value differs by a quite negligible 
quantity from (1 — 2p) 7 (#1). It has to be remembered, in applying © 
this method, that slight departures from planeness of the surfaces 
of the plate may produce large errors in the determination of the 
transmission factor owing to lens effects, unless the plate be placed 
quite near to the photometer (see p. 183). Like the reflection factor, 
the transmission factor of a body naturally depends upon the colour 
of the incident light unless the body be colourless, 7.e., neutral or 
grey. 

Determination of Spectral Transmission Curves.—The need for 
spectral transmission measurements of the colour filters used in 
heterochromatic photometry, and for other purposes, has already 
been pointed out. Similar curves for liquid solutions are of con- 
siderable importance in many branches of pure and applied 
chemistry. The modifications necessary in order to make trans- 
mission measurements with the spectrophotometric apparatus 
described in Chapter IX. will generally be obvious. In the case of 
double-slit instruments, or instruments like the Hiifner or Nutting, 
it is clearly only necessary to obtain two parallel beams of light 
from a single source and place the coloured medium in the path of 
one of these. A brief description, applied to the Nutting-Hilger 
instrument, has been given on p. 284. The application to other 
similar instruments is immediately apparent. A convenient method 
of producing the two parallel beams is shown in Fig. 181, where 
the prisms A and B are, in effect, two portions of a single convex 
lens having its focus in the position of the light source L (*?). 
Alternatively A and B may consist of two prisms producing two 
vertical images of L. 

The substitution method should always be used, so that the 
transmission of the medium at any given frequency is the ratio of 
the intensities measured at that frequency for the same half of the 
comparison field (a) with, and (b) without the medium interposed. 
It is convenient to use a dummy filter of high transmission perma- 
nently in that half of the field used for the medium under measure- 
ment, partly to avoid any possibility of the intensity on that side 
being greater than the intensity of the comparison side when the 
test medium is not inserted, and partly to bring the balance point 
to a more convenient part of the scale. 

In the case of an instrument with two collimators, two sources 
may be used, or a reflecting surface may be placed in front of each 
of the two slits, both these surfaces being illuminated by the same 
source (33). In either case two comparisons of spectral distribution 
are made, one with the medium in the path of one of the two beams, 
and one with the medium removed. If the coloured medium be of 
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appreciable thickness, the increase of illumination due to refraction 
in the medium must be allowed for (see p. 23). A solution has to 
be contained in a cylindrical glass vessel, which may be of any length 
up to 100 cm., and the particular instrument chosen for the work 
must be capable of accommodating such a vessel in the path of one 
of the incident beams. A convenient form of vessel is shown in 
Fig. 255. The ends are plane parallel plates of colourless glass or 


Brass 


Fic. 255.—Cell for Spectral Transmission Measurements on Liquids. 


quartz pressed hard against a tubular body. Sometimes the whole 
vessel is immersed in water contained in a larger outer vessel, so that 
the temperature may be kept constant and accurately measured by 
means of thermo-couples immersed in the water. ; 

In order to avoid errors due to reflection from the glass ends of 
the vessel, two methods are commonly adopted. In the first a 
vessel similar to that containing the liquid is placed in the path of 
the comparison beam of light. This vessel contains some practically 
colourless liquid, such as water, of which the transmission is either 
negligible or known. It is not sufficient to use an empty vessel, for 
then there is a double reflection loss of about 4 per cent. at each end, 
whereas in the vessel containing liquid, of which the refraction 
coefficient may be taken as about 1-3, the loss by reflection at the 
inside surfaces is only (m — 1)?/(m + 1)?, where n = 1-5/1-3, i.e., it 
is about 0-5 per cent. (°4). In view of the smallness of this loss, it 
is often sufficient to use a single plate of glass in the comparison 
beam. This plate should, however, be of the same glass as that used 
in the vessel, and of double the thickness, in order to compensate for 
any slight selectivity in this glass. In the second method of com- 
pensation two vessels of different lengths, but otherwise identical 
are used. Both vessels are filled with the liquid to be measured and 
are placed one in each of the beams of light to be compared (°°) 
Alternatively, they may be placed successively in the same beam of 
light. Tn this case, if +, be the transmission factor for light of a 
given frequency in the case of a vessel of length l,, while 7, is the 
transmission factor for a vessel of length /,, it follows that the 
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transmission factor of a length of liquid (J, — l,) is equal to 7,/r9. 
Of the two methods of Soripendution ae see the ae is 
generally more convenient when temperature effects are likely to 
be important (86). 

Instead of using any of the ordinary methods for adjusting to 
a photometric balance, the length of path of the absorbed beam in 
the medium to be measured may be arranged so that it can be varied 
at will by the observer, and this variation may then be used for 
adjusting the photometric field (37). 

For substances which cannot be examined in solution special 
methods of spectrophotometry must be used (38). 

Transmission Factors by means of Physical Photometers.—When — 
there is no colour modification of the light transmitted by the 
medium, values of transmission factor may conveniently be measured 
by some form of physical photometer (3°). The most general case 
of this kind arises in the determination of spectral transmission 
curves, and for this purpose the photo-electric null method (see 
p. 330) has been employed (4°). The apparatus is shown in Fig. 256. 
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Fig. 256.—Spectral Transmission by Photo-electric Photometry. 


The light from a convenient source L, passes through a rotating 
sector R and the medium B whose transmission is to be measured. 
H is a constant deviation spectrometer, the monochromatic beam 
from which illuminates the photo-electric cell P,. This cell is con- 
nected in a bridge arrangement with a second cell P,, which is 
illuminated by a lamp Z,. The bridge is first balanced for dark 
currents by adjusting the voltages V, and V,. P, is then illuminated 
by light of any desired frequency, B being in the beam from JL). 
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The bridge is balanced by altering the illumination of P,. B is then 
removed from the beam and the opening in R is readjusted until 
the bridge containing P, and P, is again balanced. The ratio of the 
openings in R, with and without B, gives the transmission factor of 
B for light of the frequency illuminating P,. Modifications of this 
method have been employed according to circumstances. 

Physical Photometers for Transmission Measurements of Neutral 
Media.—A flicker method which has been used (**) for measuring the 
transmission of such a medium as a photographic plate in white 
light is shown diagrammatically in Fig. 257. LZ is a concentrated 

filament lamp round which a 

Clockwork for driving shutter revolves in such a way 
Shutter as to interrupt in turn the 

two beams of light which 
respectively traverse M, the 
medium whose transmission is 
to be measured, and W, an 
adjustable wedge. The photo- 
electric cell P is thus illumi- 
nated alternately by these two 
beams, and W isadjusted until 
there is no oscillation of the 
galvanometer. IW may be 
calibrated by substituting for 
M astandard calibrated wedge. 

Diffuse Transmission Fac- 
tor.—When the medium itself, 
or either bounding surface, is 
even slightly diffusing, the 
above methods can no longer 

Fie. 257.—The Photo-electric Densitometer. be applied, and methods similar 

to those described for the 
measurement of diffuse reflection factor must be used (see p. 377) (#2). 
The apparatus shown in Fig. 246 may, by an obvious transformation, 
be used for the measurement of transmission factor at different 
angles of incidence and emergence of the light (#8). When the incident 
light is perfectly diffused, the overall transmission factor may be 
measured as the ratio of the total flux transmitted to that incident 
on the surface (#4). The globe reflectometer shown in Fig. 248, p. 381, 
may be used to give diffuse transmission factors (49), as follows :— 

(i.) The brightness (6,) of the sphere at C is measured when B is 
illuminated and A is uncovered. 

(ii.) The same measurement is made (b,) when A is covered with 
the test material. ' 

(iii.) A sphere similar to the reflectometer sphere is now placed 
with its aperture against the aperture of the reflectometer, the test 
material having been removed. The light in the reflectometer (bs) 
is now measured. 

(iv.) The same measurement is made (b,) with the test material 
placed between the apertures of the spheres. 

The transmission factor required is given by + = 6,b,/b,b,, for 
b,/b, is the ratio of the flux entering B unimpeded to that entering 
after transmission through the test material. The correction factor 
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b,/b, is required because in the first case A is uncovered, while in 
the second it is covered with the test material, and it will be seen 


that 6,/b, is the ratio of the illumination of C when A is covered with 


the test material to that when A is uncovered, the flux in the sphere 
being the same in both cases. 

The Transmission of Optical Systems.—It has been said above 
that the transmission factor of transparent objects cannot be 
measured by ordinary methods if these objects be such as to produce 
a modification of the spatial flux distribution (lens effect). It is, 
however, frequently of importance to determine the transmission of 
a lens or system of lenses in an optical instrument, e.g., a camera 
lens or telescope objective (4°). For this purpose the usual procedure 
is to use the instrument to form a real image of an extended bright 
surface, such as a sheet of opal glass forming the front of a whitened 
cube containing a number of lamps. The optical device is placed 
so as to form an image of this surface on the test surface of a photo- 
meter, and a measurement of the illumination, H,, is made. The 
optical device is then removed, and the direct illumination, #,, of 
the test surface by the object surface is measured. The ratio H,/E, 
is the product of the transmission factor of the device, 7, and the 
lens effect. The magnitude of the latter can be calculated from the 
dimensions of the apparatus, to a first approximation, as follows :— 

Let S be the area of the object surface and LZ that of the optical 
device, and let u and v be the distances between this device and the 
object surface and photometer surface respectively. If S and L be 
small compared with u and v, the flux reaching the device is BLS/u?, 
where B is the brightness of the object surface. The transmitted 
flux 7BLS/u? is distributed over an area v?S/u?, so that H, = 7BL/v?. 
Without the device the illumination H, is clearly BS/(u + v)?, so 
that #,/E, = 7L(u + v)?/Sv?._ When L is not small compared with 
wu and v, the value of H, may be calculated for the special case when 
the optical device is circular and of radius Ff (47). Then 


E, == {7But/(u? — v?)\ {log (1 + R/v*) — log (1 + B/u?) — 
- BP? — vy?) uPA ee 


while H, is found as described in Chapter IV. (p. 102). Since w, v, S 
and L or R are known, 7 can be found from the observed value of 
E,/E,. The approximate formula is generally accurate to about 
1 per cent. so long as R/f does not exceed 0-1, f being the effective 
focal length of the optical device. 
Alternatively, the overall transmission factor of a given optical 
system may be determined by measuring the brightness, B;, of the 
image formed by the device when the object is a diffusing surface of 
known brightness B,. Since with any optical system of transmission 
factor unity B; = B, (48), it follows that in any actual system 
p = Bi/B, (*°), B; and B, may be measured by one of the methods 
described later in this chapter (p. 401) or by means of a portable 
photometer, if a large enough field can be obtained. This method is, 
however, open to the objection that stray light may be included in 
the brightness B;, and a modification designed to overcome this 
difficulty has been described (°°). 
Density of Photographic Images.—A special problem in the 
measurement of transmission factors is presented in the determination 
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of the degree of darkening of an exposed photographic plate (*?). 
This is of importance not only in general photographic sensitometry, 
but also in those branches of photometry where photographic 
methods are employed, such as stellar photometry (see p. 427), the 
study of line spectra, etc. (°). 

Photographic sensitometry consists, briefly, in exposing an area 
of a photographic plate to a known illumination for certain fixed 
periods of time and then developing in a specified manner, the 
temperature being controlled throughout (**). The opacity (**) is 
then measured by placing the exposed area of the plate between a 
source of light and a photometer (°°). When the area to be measured 
is small, a modification of the Martens photometer (see p. 159) may 
be used (5°), These methods, however, are open to the objection 
that the exposed film acts to a greater or less extent as a diffuser (*’). 
Consequently the only certain measure is that of diffuse transmission 
factor (vide supra). Various instruments have been devised for the 


- purpose. In most of these a sheet of opal glass is placed behind the 


negative so as to diffuse the incident light (8). The candle-power 
of a given area of this opal glass is measured with and without the 
photographic plate in front of it, and the transmission factor is taken 
as the ratio of the figures thus found. A convenient form of the 
apparatus is that illustrated in Fig. 258 (°°), which gives a develop- 
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Fia.’ 258.-—The Measurement of Diffuse Transmission of a Photographic Plate. 


ment of the light path. The grid filament electric lamp L is enclosed 
in a screen with two apertures. From the first of these the light 
passes upwards through the opal glass O,, and the plate P whose 
density is to be measured, to a horizontal Lummer-Brodhun 
cube. From the other aperture the light proceeds horizontally 
and is reflected at the vertical mirror M, to the pair of movable 
mirrors M,, M,. From these it is reflected back to the 45° mirror 
M,, whence it proceeds vertically through the opal glass O, to the 
mirror M,. It then passes through the Lummer-Brodhun cube. 
The photometric balance is obtained by sliding M,, M, along a 
bench in the direction shown, as in the Martens illumination 
photometer (see note (14), p. 372). 
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Alternatively, the diffuse transmissometer described above 
(p. 390) may be used in the ordinary way, the photographic plate 
being inserted between the two spheres (°°). 

For the measurement of very low densities the thalofide cell 
(see p. 325) has been found useful on account of its high 
_ Sensitivity (°'). For very high densities an instrument giving a very 

- high illumination must be used (®). 

The selenium bridge can also be used for transmission measure- 
ments, two beams of light originating from the same source being 
thrown in turn upon the bridge. One of these beams passes through 
the plate to be measured, and the other through a calibrated neutral 
wedge. The position of the wedge is altered until the resistance of 
the bridge is unaffected by passing from one beam to the other (®). 

Microphotometry.—In such work as stellar photometry or the 
study of line spectra by photographic means it is necessary to 
measure the density at any point of an image on an exposed plate (8). 
Since the variation of density from point to point is frequently very 
rapid, the problem really reduces to that of measuring the trans- 
mission factor of an exceedingly small area of a photographic plate. 
The instrument used for this purpose includes a microscope as an 
essential part, and this special branch of photometry has received 
the name ‘“ microphotometry.’ Microphotometry also provides 
a method of testing the performance of any type of photographic 
emulsion as regards sharpness of image (®5), The first micro- 
photometer was that of Hartmann (°*), which is shown diagram- 
matically in vertical section in Fig. 259. P is the plate under 
examination, supported on an ebonite table L, over the surface of 
which it can be moved at will so as to bring any desired portion of P 
into the centre of the field of the microscope ABG. This microscope 
has a common eyepiece A with a second horizontal microscope 
ABD. At B is a glass cube, constructed after the manner of a 
Lummer-Brodhun cube, as shown in detail above. The image of 
part of the plate, isolated by means of a diaphragm (6’) in order to 
avoid errors due to light reflected from the objective of the micro- 
scope, is brought to a focus by means of H at the centre of the 
side ab of this cube, and is viewed at A by total reflection from the 
silvered part gh. The comparison surface O is focussed, by means 
of H, at the same point, and is viewed by transmission through ag 
and hb. The silvered area gh may conveniently be elliptical in form 
so as to appear circular from A. Its apparent diameter must depend 
on the size of the area of P to be included, and on the magnification 
produced by G. The latter may conveniently be as high as 12. 

The comparison surface at O is a neutral wedge, which may 
conveniently be a strip of photographic plate exposed in such a 
manner as to produce a gradually increasing density from one end 
to the other. Methods of preparing such wedges are described on 
p. 180. This strip may be calibrated by inserting filters of known 
transmission factor (determined as described in Chapter VI., p. 182) 
in place of P (°8). The use of a substitution method such as this 
avoids the necessity for correcting for the difference between the two 
parts of the microscope and between the illuminations behind the 
two surfaces P and O. In order to secure that these illuminations 
shall bear a constant ratio to each other, the system SR7' is employed. 
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This consists of a matt translucent glass plate R, illuminated from 
outside the tube either by daylight or by an artificial source, and 
two silvered mirrors S and 7’, which reflect the light from R to P and 
O respectively. One of the objections to the Hartmann instrument 
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Fie. 259.—The Hartmann Microphotometer. 


is that, owing to the considerable magnification necessary, the grains 
of silver in the image may become separately visible. This difficulty 
has been overcome in two later instruments. 

The first is simply a modification of the Hartmann instrument (®°) 
by the insertion at W of a diaphragm with a very small aperture, 
upon which is focussed the part of P under examination. The 
silvered part of the prism B is then diffusely illuminated by light 
from that region of P whose image covers the aperture in W. 

A still later instrument, in which the Maxwellian method of view 
is employed (), is shown diagrammatically in vertical section in 
Fig. 260. The light from the illuminated aperture A is rendered 
parallel by the lens O, and one-half of the resulting beam is brought 
to a focus by the lens L, at the point of the plate P which is being 
measured. A second image of A is similarly formed by O and L, 
at a point of the neutral wedge W. The two beams of light from 
these images are brought to a common focus at the eyepiece £, 


sahil) bo 


~ Wee 


MEASUREMENT OF TRANSMISSION 395 


one by reflection, and the other by transmission in the Lummer- 


-Brodhun cube L-B. Since the aperture in / is sufficiently small to 


act as a stop to both beams, the brightness of each of the two com- 
parison surfaces in L-B appears uniform. In making a measurement 
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Fic. 260.—The Fabry-Buisson Microphotometer. 


the transmission of W is altered until a photometric balance is 
obtained in L-B6. An instrument has also been described in which a 
polarisation method of obtaining the photometric balance is 
employed (*). 

It is evident that, unless the image in the photographic plate 
be truly neutral, the transmission factor found will depend on the 
colour of the light used for the measurement. The same is true if 
the wedge used as a standard of comparison be not neutral. 

An instrument has been designed which depends on measuring the 
brightness of a strip of incandescent tungsten viewed through the 
photographic plate (77). The measurement is made by altering the 
current through the filament of a small comparison lamp contained 
in the eyepiece of a microscope until it disappears on the image of 
the strip, when both are viewed through a red pyrometer glass. 

As would naturally be expected, it is found that different values 
are obtained for the density of a photographic plate according as it 
is illuminated by a parallel beam or by diffused light. 

The principle of the Hartmann microphotometer has been used 
in conjunction with photo-electric cells in order to obtain a con- 
tinuous record of the variation of transmission factor along any 
given line on a photographic plate, as, for example, along the centre 
of a spectrum band. The apparatus used for this purpose by 
Koch (73) is shown diagrammatically in Fig. 261. N is a small source 
of light of high surface brightness, such as the filament of a gas-filled 
lamp. The lens A forms an unmagnified image of NV at that part of 
the plate P which is being measured. The microscope objective B 
forms a second image within the aperture of a diaphragm W, and 
the light which passes through W illuminates the photo-electric 
cell Z, which may be of the form described on p. 326. An auxiliary 
glass plate and microscope enable the position of P to be correctly 
adjusted on the table before the measurements are begun. The 
current (from the 180-volt battery L) which traverses Z passes 
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through a safety resistance to the string electrometer EH. The 
artificial leak from E to earth is formed by the system of photo- 


Fic. 261.—The Photo-electric Microphotometer. 


electric cells Z, and Z,, both of which are also illuminated by J. 
By this means small variations in N have no effect on the results 


Galvanometer 


Fie. 262,—The Thermopile Micro- 
photometer. 


of the measurements. The table 
which carries the plate P is 
moved across the image of NV 
by a clockwork motor, which 
also drives a photographic film 
on which is obtained a con- 
tinuous record of the deflection 
of £. Since the deflection is 
proportional to the illumination, 
it follows that this record is a 
graph of the transmission factor 
of P along the line of travel. 

A registering microphoto- 
meter in which a thermopile 
is used instead of the photo- 
electric cell has been de- 
scribed (74). The instrument, 
which is shown diagrammatic-. 
ally in Fig. 262, consists of a 
lens C, which projects an image 
of a lamp filament on the slit 
S,. The microscope objective 
O, forms an image of S, on the 
plate P, and O,, a similar objec- 
tive, throws an enlargement of 
this image on S,. TJ’ is a sensi- 
tive thermopile connected to a 


d’Arsonval galvanometer of suitable type. With this instrument it 
is possible to obtain a record of the transmission curve of an Abney 
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test plate (lines 0-02 mm. wide and 0:02 mm. apart), and the 
relative photographic intensities of the different elements of a line 
spectrum may readily be obtained. 

A microphotometer which can be used to measure either the 
transmission or, reflection factors of very small surfaces has been 
described by Nutting (75). 

It should be noticed that in the microphotometry of very fine 
detail there is an inherent source of error, analogous to the error in 
spectrophotometry arising from 
the use of a finite slit width (see 
p. 287). This will be clear from 
Fig. 263. If curve A represent the 
true transmission curve of a line 
on the plate, the effective “slit 
width” of the microphotometer 
being 10 units, then the density 
assigned to the point A will be the 
mean ordinate within the region 
BC, so that the values obtained 
on a convex portion of the curve 
are too low, and those on a con- 
cave portion are too high. The fe. 263.—The “ Slit-width ” Error 
maximum density of a line, there- in Microphotometry. 
fore, is always reduced, unless the 
size of the microphotometer field be very small compared with the 
breadth of the line. 


ABSORPTION 


The Measurement of Absorption Factors.—For all practical 
purposes it may be said that there is no method of measuring the 
absorption factor of a substance directly, since there is no means 
of evaluating the light unless it can be caused to illuminate a ~ 
photometric test surface. It follows, then, that absorption can only 
be measured as a difference, using the relation p+a«-+7=1. 
In the case of an opaque substance t= 0 and « = 1 — p, so that 
all that is necessary is a measurement of reflection factor. Since, 
in general, the reflection factor of a surface depends on the direction 
and colour of the incident light, so also must the absorption factor 
similarly depend on these variables. In the case of a transparent 
or translucent body, both p and 7 must be measured in order that « 
may be found. For a truly transparent body p = 0, except at the 
surface, so that « = 1 — 7 when surface effects have been allowed 
for in the measurement of 7. Although « is thus found indirectly 
from a measurement of 7, it is for many purposes a far more con- 
venient constant to use, since for transparent bodies it is connected 
with the thickness by the simple exponential relationship given in 
Chapter IV. (p. 116). 

Atmospheric Absorption.—When objects have to be illuminated 
from considerable distances, or when a luminous object has to be 
viewed from afar, the absorption of light by the atmosphere, in 
reality a combination of true absorption and scatter, becomes very 
important. It has, too, to be taken into account when making 
photometric measurements over considerable ranges in the open 
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(see p. 418, Chapter XIV.). It is therefore necessary to have some 
means of measuring the transmission factor of a certain length of 
the atmosphere at any given time. One of the chief difficulties of 
the measurement lies in the fact that when the absorption is most 
important it is most liable to rapid and extensive fluctuations (7°). 
In its simplest form the apparatus used for this measurement consists 
of (i.) an evenly illuminated surface set up at a convenient distance 
(of the order of half a mile) from the observing station, and large 
enough to fill completely the field of view of (ii.) an instrument 
capable of measuring brightness. If the size of the surface is not 
to be prohibitive (e.g., more than 10 ft. square) an ordinary portable 
illumination photometer, such as the lumeter (see p. 353), cannot be 
used for the brightness measurement (see p. 401) at distances of 
more than about 200 yards, except by the use of an undesirably 
small aperture. In general, therefore, a telescope is used. An ~ 
image of the illuminated surface is formed in the focal plane of the 
eyepiece (see Fig. 264), and in this plane is an opaque white diaphragm 

illuminated by a comparison 
Objective lamp. The aperture in this 
diaphragm is slightly smaller 
than the image of the illu- 
minated surface, so that the 
eye sees a continuous field. 
A photometric balance is 
obtained by varying the illu- 
mination of the diaphragm 
surface. If a telescope with 
an objective of 3 ft. focal 
length be used, a 10-ft. screen 
at a distance of half a mile 


Image of Distant 


iNenninated, cree gives an image which will fill 
cone ot an aperture of } inch dia- 


meter. This instrument is 
@omparison called a ‘ telephotometer.” 
Lamp A different form has been 
devised with the object of 
avoiding the necessity for a 
large screen (77). This is 
shown diagrammatically in 
Fig. 265. LZ, is a lamp of 
known candle-power J, placed 
[_} at the distant station. O, is 
Eye a telescope objective, which 
Fria. 264.—Telephotometer (diagrammatic). forms an image of L, at the 
position of the observer's 
eye H. L-B is a Lummer-Brodhun cube, which enables a 
comparison to be made between the brightness of O, and the 
brightness of O,, another objective, which forms at H an image 
of L,, a local comparison lamp. The brightness of O, is varied 
by means of a pair of Nicol prisms (not shown) placed between L, 
and Q,. The illumination of O, is I,/0,L,7. Now in the Max- 
wellian view the brightness of the lens surface is rEv2, where FE 
is the illumination at the lens and 7 its transmission factor, while 


Adjustable 


Diaphragm 


Rr 


_is smaller than the pupil of 
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v is the distance of the eye from the lens (see p. 109). It follows that 


the brightness of O, is 7J,v2/O,L,2. But _ pe es so that the 


brightness becomes 7/,f?/(w — f)?. This is independent of the size 
of the lens, but it is neces- 
sary to ensure that the 
image of each of the sources 


the eye, so that the latter 
does not act as a stop. The 
instrument may be cali- 
brated by measuring L, on 
a clear day at a distance of 
a few hundred yards (u,), 
so that atmospheric absorp- 
tion is negligible. If the 
angle of rotation of the 
movable Nicol be @, in this 
case, then 


Fic. 265.—The Telephotometer with 
bens 2 P me W. 
LT, f?/(uy ae a = K cos 0; Maxwellian View. 


where K is the instrument 
constant. If now the lamp be measured at a distance w,, the 
atmospheric absorption over the distance (uw, — w,) is given by 


V1 — a (u, — f)/(ug — f) = cos 6,/ cos 4,. 


Instruments have been designed in which a mirror placed at the 
distant station reflects to a photometer a beam of light from a 
powerful source near the photometer. The reflected beam is then 
compared with a direct beam from the source (78). If this method 
be used, the mirror at the distant station must be optically worked 
to an exact plane, or the results will be quite valueless owing to the 
introduction of lens effects. 

The chief disadvantage of the ordinary telephotometer is that 
the light scattered towards the photometer by the particles between 
it and the comparison surface causes the brightness of the latter to 
be increased. In other words, the error is that which would be 
introduced into the measurement by ordinary methods of the 
transmission factor of a vessel containing a slightly turbid liquid. 
This defect is overcome in an instrument which measures the contrast 
between the comparison surface and its background (7°). The 
lens O (Fig. 266) forms an image of the comparison surface (which 
must have a sharp edge and a non-luminous background) on the 
translucent screen S, behind which is placed a black disc of such a 
size and shape that the image exactly fits it. The screen is illuminated 
from behind by the comparison lamp L. ‘The photometric balance 
is obtained by moving L or (as shown) by using a variable diaphragm 
D over O. If B represent the brightness of the image of the com- 
parison surface, it follows that Bp = B’, where p is the reflection 
factor of the screen S and B’ is its brightness due to transmitted 
light. It is assumed that the “haze” due to scattered light is 
sufficiently uniform to produce an equal increase of brightness on 
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both sides of the edge of the image, so that it does not affect the - 
photometric balance. If measurements at different parts of the 
spectrum be desired, colour filters 
lek may be placed in front of the eye. 
ee | Variation of Absorption with 
——ip Colour.—The absorption factor of 
a misty atmosphere is different for 
light of different frequencies (*°). 
The factor at any spectral region 
may be found by using a suitable 
colour screen in the eyepiece of 
either of the instruments described 
in the last section. Alternatively, 
a spectrophotometric method may 
be used over short ranges (of the 
order of one-half mile). The light 
from a powerful source is colli- 
mated by a suitable lens and 
projected to a mirror placed at 
the distant station. The reflected 
beam is then returned to the near station and compared with the 
original light from the source by means of a spectrophotometer (*). 
As mentioned above, the mirror used at the distant station must be 
optically flat, or a lens effect is introduced into the measurement. 
Further, the mirror must be of such a size, relative to the collimating 
lens, that it does not act as a stop in the optical system. 


Eye 


Fic. 266.—Richardson’s Absorption 
Photometer. 


BRIGHTNESS 


It was pointed out at the beginning of Chapter VI. that the whole 
science of visual photometry is based on a comparison by the eye 
of the brightnesses of two surfaces in juxtaposition. The ultimate 
object in view, however, is generally a measurement of the illumina- 
tion of those surfaces, or of the candle-power of the sources producing 
that illumination. Since the photometric unit is one of luminous 
intensity, while brightness is luminous intensity per unit area, it 
follows that the most direct method of measuring the brightness of 
a surface (supposed uniform) is to measure its candle-power in a 
given direction and divide this by the projected area of the surface 
in that direction. In order to avoid “edge effects,” it is often 
convenient to place an opaque diaphragm with an aperture of 
accurately known area (a) close to the surface. The combination 
then acts as a source of candle-power Ba, situated in the position 
of the diaphragm (see p. 108). If this candle-power be measured, 
B is readily found (8%). It is assumed here that the area of the 
surface is not so great as to render it impossible to apply the inverse 
square law in the candle-power measurement. This proviso severely 
limits the application of the method, for it has been shown that if 
the accuracy of measurement is to exceed 0-5 per cent. the radius 
of a disc source should not exceed 0-07d, where d is the distance 
from the photometer head. Hence if the brightness of the disc 
be Bb, the illumination of the photometer surface is 0-0057B, so that 
for a minimum illumination of 10 metre-candles B must exceed 
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650 candles per square metre. This brightness is equal to that of 
_ a matt white surface having an illumination of 2,000 metre-candles, 
and is much above the brightness of ordinary illuminated surfaces. 
The method can therefore generally be applied only to self-luminous 
bodies whose area can readily be determined. 

All other cases fall into two classes, viz., those in which the 
brightness to be measured is below the limit above mentioned, and 
those in which the area of the surface ig small and not readily 
measurable. In the former class, the most direct method is to use 
the surface whose brightness is to be measured as one comparison 
surface in a photometer, and to obtain a photometric balance with 
a second comparison surface, of which the brightness is variable at 
will and determinable in absolute value. This involves a knowledge 
of the reflection factor of the second comparison surface in the 
direction of view, and the provision of a variable illumination (8°). 

As an example of this method, the use of the Lummer-Brodhun 
head for the measurement of brightness may be described. A piece 
of silvered glass mirror of known reflection factor (see p. 381) is 
placed over one surface of the plaster screen in the photometer so 
that, when this faces the surface to be measured, the image of this 
surface in the mirror is seen through the Lummer-Brodhun cube, 
and so becomes one of the comparison surfaces in the photometer. 
The brightness of the other comparison surface is equal to its 
illumination divided by 7 and multiplied by the reflection factor 
of the plaster screen. The latter must be determined for normally 
incident light and angle of view 45° by the method described on 
p. 377. Alternatively, if a surface of known and suitable brightness 
be available, a substitution method may be used so that the errors 
due to lack of symmetry in the head are avoided. 

For purposes where an accuracy of 2 to 3 per cent. is sufficient 
a portable photometer with detached test plate may conveniently 
be employed (8). The reflection factor of the test plate, p,, must 
be known from previous laboratory measurements by more accurate 
methods. If, now, the photometer be directed towards the surface 
to be measured and a photometric balance be obtained in the usual 
way, using this surface instead of the ordinary test surface, the 
brightness required is equal to the reading given by the photometer 
multiplied by the factor p,/7z, for the photometer is calibrated to 
show the illumination of the test plate so that a reading H corresponds 
to a brightness p,H/7. 

A coloured surface, or a white surface illuminated by coloured 
light, naturally introduces all the uncertainties of heterochromati¢ 
photometry. It is desirable to avoid these as far as possible by the _ 
use of colour filters. This is especially necessary when the brightness 
to be measured is below the limit at which the Purkyné effect 
is active. Since by no optical means is it possible to increase the 
brightness of a surface, it is impossible to avoid this source of error 
otherwise than by using colour filters whose transmission factors can 
be determined at normal intensities. A problem of this kind is often 
presented in the measurement of the brightness of substances which 
are self-luminous owing to either photo- or electro-luminescence (**), 
cathode bombardment (8*), chemi-luminescence (*’), radioactive 
bombardment (88), X-ray radiation (°°), etc. 
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Brightness of very small Objects.—When the extent of the surface 
to be measured is too small for either of the methods described in 
the last section to be employed directly, a different arrangement of 
apparatus must be used. An important case is that of a glowing 
filament, of which it is often difficult to measure the dimensions 
accurately. If the brightness be not too great, the filament may 
be placed in front of an extended surface of adjustable brightness, 
such as a piece of matt glass illuminated from behind. _The bright- 
ness of this surface is altered until the filament just disappears on 
its background, and is then measured by one of the means described 
in the last sections. If, however, the brightness of the filament be 
greater than about 10 candles per square inch (brightness of a gas-filled 
lamp with diffusing bulb), this method is not suitable, and an 
alternative in which the background is formed by the image of a 
tungsten strip or a Nernst filament may be used instead (*). The 
apparatus is shown in Fig. 267. WN is the standard surface, of which 


be oF 


Fig. 267.—The Measurement of Brightness of a Glowing Wire. 


an enlarged image is formed at MZ by means of the lens L. F is the 
filament to be measured, placed in the same plane as, and superposed 
on, M. T is the observation telescope. The variation of brightness 
of M is achieved either (a) by altering the current through NV when 
very bright filaments are measured, or (b) by inserting a pair of Nicol 
prisms between L and M. 

If a tungsten strip be used at NV the front surface of its enclosing 
bulb should be uniform in thickness and as nearly plane as possible, 
to avoid distortion in WZ. If a Nernst glower be used it should be 
enclosed in a box to avoid draughts. In either case the apparatus 
may be calibrated most conveniently by placing at F a tungsten 
filament lamp of standard pattern for which the brightness variation 
with change of current or voltage may be accurately found on the 
photometer bench. The absolute filament brightness of this lamp 
at a low efficiency may be found by causing its filament to 
“disappear ”’ in front of a “ black-body”’ radiator at a known 
temperature. 

The brightness of a flame source may be measured with this 
apparatus by substituting for F the device shown at the top of the 
figure, G. This consists of a skeleton box containing a diagonal 
double wedge of clear glass in the centre of which is a very narrow 
strip of silver, S. The flame is placed so that a thin line of it, reflected 
in S, is seen by the eye at 7’ to be superposed on the image M. 

Another method of measuring the brightness of a small area of 
a lumineus object is to form an enlarged real image of the object by 
means of a convex lens, as shown in Fig. 268 (a), and to measure 
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the illumination at the corresponding part of the image by means 
of any ordinary photometer with a small comparison surface (9%). 
If s be the area of the lens aperture, # the illumination of the photo- 
meter surface, and d the distance between this surface and the second 
focal point of, the lens Z,, then the required brightness B = Ed?/sr 
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Fic. 268.—The Measurement of Brightness of a Luminous Object. 


(see p. 109). An alternative scheme is shown in Fig. 268 (6). Ly, is 
placed so as to coincide with the real image of the luminous object 
formed by L,, and a diaphragm with an adjustable opening is placed 
close to L,. If a photometer screen be placed in the position of the 
image of L, which is formed by L,, then the illumination at the 
photometer gives the brightness of the luminous object by the same 
formula as before, but the area s is now the area of the opening in the 
diaphragm. Blondel’s “‘ nitometer ”’ is designed on this principle (%). 


REFERENCES 


(1) P. G. Nutting. Illum. Eng. Soc. N. Y., Trans., 7, 1912, p. 616, and 10, 1915, 
p. 353; Kodak Publ., 2, 1915, p. 17. 

M. Luckiesh. El. World, 69, 1917, p. 958; Rev. Gén. de V’EL., 2, 1917, p. 453. 

(2) P. Bouguer. “ Traité d’Optique,” p. 161. 

A. H. Lee. Am. Acad. Arts and Sci., Proc. 7, 1880, p. 223. 

H. Seeliger. Miinchen Ber., 18, 1888, p. 201; Lum. El., 35, 1890, p. 615. 

W. E. Sumpner. Phys. Soc., Proc., 12, 1893, p. 10; Phil. Mag., 35, 1893, p. 81; 
Electrician, 30,,1893, pp. 411 and 439. 

A. Blondel. Lum. El., 3, 1895, p. 583. 

H. R. Wright. Phil. Mag., 49, 1900, p. 199; Ann. d. Phys., 1, 1900, p. 17. 

C. A. Chant. Astrophys. J., 21, 1903, p. 211. 

H. Kriiss. IJum. Eng., 1, 7908, p. 38. 

F. H. Gilpin. Tllum. Eng. Soc. N. Y., Trans., 5, 1910, p. 854; El. World, 56, 1910, 
pn. 1242. 
. A. P. Trotter. Illum. Eng., 12, 1919, p. 243; Licht u. Lampe, 1920, pp. 3, 28, 53 
and 72. 

L. A. Jones. Opt. Soc. Am., J., 6, 1922, p. 140. 

See also references in chapter XII., note (9), p. 372. 

(3) See also F. Henning and W. Heuse, Z. f. Phys., 10, 1922, p. 111; Wiss. Abh. 
Phys.-Techn. Reichsanstalt, 6, 1923, p. 151. 


DD 2 


404 PHOTOMETRY 


(4) For a very rough method see W. de W. Abney, Roy. Soc., Proc., 67, 1900, p. 118; 
Phot. J., 24, 1900, p. 319; Archiv f. wiss. Photog., 2, 1900, p. 201. 

(5) C. Wiener. Wied. Ann., 47, 1892, p. 688; J. of Gas Lighting, 64, 1894, p. 927; 
Electrician, 33, 1894, p. 549; Z. f. Bel., 2, 1896, pp. 21 and 33. 

F. Thaler. Ann d. Phys., 11, 1903, p. 996; Z. f. Bel., 9, 1903, pp. 246 and 255. 

(6) Report ot Committee on Nomenclature and Standards, Hum. Eng. Soc. N. Y., 
Trans., 18, 1923, p. 516. 

(7) P. G. Nutting. Illum. Eng. Soc. N. Y., Trans., 7, 1912, p.412; Washington Acad. 
Sci., J., 2, 1912, p. 505. 

M. Luckiesh. El. World, 69, 1917, p. 958; Opt. Soc. Am., J., 2-3, 1919, p. 39; Licht 
u. Lampe, 1924, p. 102 ; Rivista d’ottica e mechanica di precisione, 1, 1919, p. 52. 

(8) E. Karrer. Opt. Soc. Am., J., 5, 1921, p. 96; Bureau of Standards, Sci. Papers, 
17, 1921, p. 203. : 

F. H. Benford. Gen. El. Rev., 23, 1920, p. 72; Ilum. Eng., 13, 1920, p. 214. 

F. Henning and W. Heuse. Z. f. Phys., 10, 1922, p. 111; Wiss. Abh. Phys.-Techn. 

' Reichsanstalt, 6, 1923, p. 151. 

(9) Bureau of Standards, Bull., 16, 1920, p. 421: Opt. Soc. Am., J., 4, 1920, p. 9; 
Illum. Eng., 13, 1920, p. 265; Nev. d’Optique, 2, 1923, p. 482; Licht u. Lampe, 1921, 
», 114. 

: (10) A. H. Taylor. Illum. Eng. Soc. N. Y., Trans., 15, 1920, p. 811; El. World, 76, 
1920, p. 467 ; E.T.Z., 41, 1920, p. 940; Bureau of Standards, Bull., 17, 1921, p.1; Rev. 
d’Optique, 2, 1923, p. 484. 

R. Ulbricht. HA0-Z., 42, 1921, p. 190); Zi. Bel, 27, 1927, p. 51; Z. £. 1, 42, #922. 
p. 29. 

: See also G. A. Shook. Opt. Soc. Am., J., 8, 1924, p. 803. 

(11) C. H. Sharp and W. F. Little. Illum. Eng. Soc. N. Y., Trans., 15, 1920, p. 802 ; 
Illum. Eng., 14, 1921, p. 220. 

E. Karrer. Opt. Soc. Am., J., 5, 1921, p. 96; Bureau of Standards, Sci. Papers, 17, 
1921, p. 203; Rev. d’Optique, 2, 1923, p. 481. 

(12) J. W. I. Walsh. Illum. Eng. Soc. N. Y., Trans., 18, 1923, p. 475. 

(13) F. Uppenborn. ‘‘ Lehrbuch d. Phot.,’ p. 253. 

(14) J. W. T. Walsh. Discussion between Physical and Optical Soes. on “‘ The Making 
of Reflecting Surfaces,” 1920, p. 38. Fa 

(15) See, e.g., J. S. Dow, Phil. Mag., 12, 1906, p. 120; Electrician, 57, 1906, p. 747; 
Phys. Soc., Proc., 20, 1906, p. 245; Z. f. Bel., 13, 1907, p. 74. i : 

E. Hagen and H. Rubens. Ann. d. Phys., 1, 1909, p. 352. 

(16) L. R. Ingersoll. El. World, 63, 1974, p. 645; Z. f. Bel., 21, 1915, p. 9; E.T.Z., 
43, 1922, p. 852; Hl. World, 64, 7914, p. 35; Electrician, 73, 1914, p. 348; Opt. Soc. 
Am., J., 5, 1921, p. 213; Illum. Eng. Soc. N. Y., Trans., 16, 1921, p. 152. 

P. G. Nutting. El. World, 63, 1914, p. 1156. (See also lum. Eng. Soe. N. Y., Trans., 
9, 1914, p. 571.) . 

F. F. Renwick. Photog. J., 56, 1916, p. 222. 

See also L. Godard, J. de Phys., 5, 7886, p. 173; Z. £. T., 6, 1886. p. 288. 

K. Kieser. Der Papier-Fabrikant., 18, 1920, p. 573. ? 

M. Luckiesh. El. Rev. (Chicago), 60, 19/2, p. 1070; Nela Bull., 1, 1973, p. 100. 

(17) For this reason a polarisation type of photometer is unsuitable for measuring 
reflection factors. See, e.g., V. Navrat, Wien Ber, (Ila.), 121, 1912, p. 1289. i 

(18) A. P. Trotter. Brit. Assn. Report, 1915, p. 236; Illum. Eng., 8, 1915, p. 425. 

See also L. A. Jones and M. EF. Fillius, Opt. Soc. Am., J., 6, 1922, p. 140; Kodak Publ. 
6, 1922, p. 20; Brit. J. of Photog., 69, 1922, pp. 216 and 229, 

H. Schulz. Z. techn. Phys., 5, 1924, p. 185; Z. f£. 1., 44, 1924, p. 469. 

G. A. Shook. Opt. Soc. Am., J., 9, 1924, p. 61. 

(19) E. Hagen and H. Rubens. Z. f. I., 19, 7899, p. 293; Ann. d. Phys., 1, 1900 
p. 352. i : 

See also J. T. Tate, Phys. Rev., 34, 1912, p. 321, and P. G. Nutting, Phys. Rev.. 16 
1903, p. 129; Phys. ae te p. 201; A. G. Worthing, Z. f. Phys., 22, 1924, p- a's 

20) K. 8S. Gibson, EK. P. T. Tyndall and H. J. MeNicholas. ~ ee Standards 
Technol Paper No. 148, 1920. sieiacin inion 

I. G. Priest, K. 8. Gibson and H. J. McNicholas. Bureau of Standards. Tec — 
eaten Standards, Technol. Paper 

C. W. Keuffel. Opt. Soc. Am., J., 11, 1925, p. 403. 

K. 8. Gibson, Art. “ Spectrophotometry ” in Dict. Appl. Phys., vol. 4, p. 748 

See also O. N. Rood, Am. J. Sci., 15, 1878, p. 81; Phil. Mag., 5, 1878, p- 239; f de 
Phys., 8, 1879, p. 215 ; Les Mondes, 45, 1878, p. 626 ; W. de W. Abney and E. R. Festing 
Phil, ‘Trans., 179, 1888, p. 5475 Roy. Soc, Proc., 44, 1888, p. 237; W. de W. Abuey, 
Phil. Mag., 27, 1889, p. 62; Phys. Soc., Proc., 10, 1888, p. 30: W. de W Pon 
Soo., Proc., 67, 1901, p. 118. Be WE ee 

(21) An instrument specially designed for reflection and transmissio as : 
is made by Messrs. Keuffel and Esser, Hoboken, N.J. (U.S.A.) (Opt. Soe Am ot 
1925, p. 217 and 11, 1925, p. 403). cla te ae 

(22) L. Bloch. Z. f. techn. Phys., 4, 1923, p. 175. 


MEASUREMENT OF BRIGHTNESS 405 


Nae oe 1. He See ee Russ. Phys.-Chem. Soc., J., 16, 1884, p. 566. 
> H. Prond: m. Soc, Testing Materials, Proc. II., 20, 7 ‘ ; nk. Inst. 
J., 189, 1920. p. 371. g > » 20, 1920, p. 441; Frank. Inst., 

R. E. Lofton. Bureau of Standards, Technol. Paper No. 244, 1923. 

(23) I. G. Priest. Opt. Soc. Am., J., 8, 1924, p. 173. 

TEAS Jones. Opt. Soe. Am., J., 4, 1920, p. 420; Kodak Publ., 4, 1920, p. 257. 

M. Luckiesh. “ Frank. Inst., J., 184, 1917, pp. 73 and 227. 

(24) Rayleigh. Phil. Mag., 41, 1871, p. 107. 

M. E. Mascart. Traité d’Optique (Paris, 1889), vol. 1, p. 341. 

See also bibliography in E. F. Burton’s ‘‘ Physical Properties of Colloidal Solutions ” 
(Longmans, Green, 1921), chap. V. 

(25) A. Boutaric. Thése, Fac. des Sciences, Paris, 1918, p. 83. 

(26) C. Chéneveau and R. Audubert. ©. R., 168, 1979, pp. 553 and 684; Ann. de 
Phys., 13, 1920, p. 134. 

See also A. Hurion, C. R., 112, 1891, p. 1431; P. Compan, C: R., 128, 1899, p. 1226 ; 
P. V. Wells, Am. Chem. Soc., J., 44, 1922, p. 267; G. I. Pokrowski, Z. f. Phys., 31, 1925, 
pp. 14 and 514. ; 

(27) W. Ostwald. Kolloid Z., 13, 1973, p. 121. 

(28) J. Tyndall. Roy. Soc., Proc., 17, 1869, pp. 223 and 317; Phil. Mag., 37, 1869, 
p. oe 38, 1869, p. 156; Phil. Trans., 160, 1870, p. 333; Nature, 1, 1870, pp. 339 
an P 

(29) T. W. Richards. Am. Acad. Arts and Sci., Proc., 30, 1894, p. 369. 

M. Tswett. Z. f. phys. Chem., 36, 1907, p. 450. 

T. W. Richards and R. C. Wells. Am. Chem. J., 31, 1904, p. 235. 

R. C. Wells. Am. Chem. J., 35, 1906, p. 99. 

H. Kamerlingh Onnes and W. H. Keeson. Verslag d. Kon. Akad. v. Wetenshappen 
te Amsterdam, 16, 1908, p. 667. (Eng. trans., 10 (2), 1908, p. 611.) 

W. Mecklenburg. Z. anorg. Chem., 74, 1912, p. 207; Kolloid Z., 5, 1914, p. 149. 

K. Wilke and H. Handovsky. Ann. d. Phys., 42, 1913, p. 1145. 

P. A. Kober. J. Biolog. Chem., 13, 1913, p. 485. 

M.le Blane. Z. f. Elektrochem., 19, 1914, p. 794. 

P. V. Wells. Phys. Rev., 4, 1914, p. 396; Bureau of Standards, Bull., 15, 1920, 
p- 693. 

W. Kangro. Z. phys. Chem., 87, 1914, p. 257. 

H. V. A. Briscoe and H. F. V. Little. Chem. Soc., Trans., 105, 1914, p. 1310. 

W. Mecklenburg and 8. Valentiner. Z. f. I., 34, 1914, p. 209; Kolloid Z., 14, 1914, 
p. 172, and 15, 1914, p. 149; Phys. Z., 15, 1914, p. 267. 

P. A. Kober and S. 8. Graves. J. of Industrial and Eng. Chem., 7, 1915, p. 843. 

W. R. Bloor. J. Biolog. Chem., 22, 1915, p: 145. 

G. Dreyer and A. D. Gardner. Biochem. J., 10, 19/6, p. 399. 

P. A. Kober. J. Biolog. Chem., 29, 1917, p. 155; J. of Industrial and Eng. Chem., 
10, 1918, p. 556. 

O. M. Smith. Soc. Chem. Ind., J., 36, 1917, p. 1031; U.S. Patent No. 1,232,989 
1917). 
: » C. Tolman and E. B. Vliet. Am. Chem. Soc., J., 41, 1919, p. 297. 

H. Kleinmann. Biochem. Z., 99, 1919, p. 115; Kolloid Z., 27, 1920, p. 236. 

A. B. Lamb, P. W. Carleton and W. B. Meldrum. Am. Chem. Soc., J., 42, 1920, 
p. 251. 
: A. F. CG. Pollard. Brit. Patent No. 137,637 (1920); Opt. Soc., Trans., 26, 1925, 
Ode: 
P A. A. Weinberg. Biochem. Z., 125, 1921, p. 292. 

S. E. Sheppard and F, A. Elliott. Am. Chem. Soc., J., 43, 1927, p. 531 ; Kodak Publ., 
4, 1920, p. 262. } 

P. A. Kober and R. E. Klett. J. Biolog. Chem., 47, 1927, p. 19. 

P. V. Wells. Am. Chem. Soc., J., 44, 1922, p. 267. 

A. Lednicky. Kolloid Z., 23, 1923, p. 12. 

R. Kingslake. Opt. Soc., Trans., 26, 1925, p. 53. 

See also R. Gans, Z. f. Phys., 17, 1923, p. 353. 

Turbidimeters have been described by :— 

J. I. D. Hinds. Am. Chem. Soe., J., 18, 1896, p. 661. 

D. D. Jackson. Am. Chem. Soc., J., 23, 1901, p. 799. 

J. Konig. Z. f. Untersuchung d. Nahrungs- u. Genussmittel, 7, 1904, p. 129. 


H. F. Muer. J. of Industrial and Eng. Chem., 3, /9//, p. 553. 
KE. Schlesinger. Soc. Chem. Ind., J., 30, 1911, p. 1413 ; German Patent No. 237,470 
(1910). 


S. E. Sheppard. J. of Industrial and Eng. Chem., 12, 1920, p. 167. 
W. G. Bowers and J. Moyer. J. Biolog. Chem., 42, 7920, p. 191. 
W. Denis. J. Biolog. Chem., 47, 1921, p. 27 ; 


and a microturbidimeter by O. E. Conklin, Opt. Soc. Am., J., 10, 1924, p. 573. 


For an excellent réswmé of the subject see H. H. Robinson, Article “ Nephelometry ” 
in Thorpe’s “ Dict. Appl. Chem.” (Longmans, 1922), vol. 4. 


406 PHOTOMETRY 
(30) See, e.g., O. N. Rood, Am. J. Sci., 49, 1870, p. 145, and 50, 1870, p. 1; J. of Gas 


Lighting, 19, 1870, p. 411. : 4 

F. Jicinsky. Dingler’s Polytechn. J., 192, 1869, p. 199; Deut. Industrie Zeitung, 
1869, p. 244. 

Ree L. Godard, Soc. Franc. de Phys., Séances, 1886, p. 83. 

F. Monpillard. Soc, Franc. de Photog., Bull., 19, 1903, p. 298. 

F. F. Martens. Phys. Z., 1, 1900, p. 299. 

K. Schrott. Z. wiss. Photog., 14, 1915, p. 223. 

P. G. Nutting. Opt. Soc. Am., J., 1, 1917, p. 83. 

J. Barot. Rev. d’Optique, 3, 1924, p. 459; Z. f. I, 45, 1925, p. 309. 

(31) The effect of surface reflection may be eliminated if measurements can be made 
on plates of identical material but of different thicknesses. See F. E. Wright, Opt. Soc. 
Am., J., 2, 1919, p. 65. 

(32) F. F. Martens and F. Griinbaum. Ann. d. Phys., 12, 1903, p. 991. ’ 

(33) For a method of using two independent sources with a Konig-Martens instrument, 
see J. Hildebrand, Z. f. Elektrochemie, 14, 1908, p. 349; K. Arndt, “‘ Handbuch d. 
Physikalisch-Chemischen Technik.”’ (F. Enke, 1915), p. 754. 

(34) See, ¢.g., J. Vallot, C. R., 161, 1915, p. 127. 

(35) K. Schaum, W. Henss. Z. wiss. Photog., 23, 1924, p. 7. : 

(36) K. S. Gibson, H. J. McNicholas, E. P. T. Tyndall, M. K. Frehafer and W. E. 
Mathewson. Bureau of Standards, Bull., 18, 1922, p. 121. 

(37) I. G. Priest. Phys. Rev., 18, 1921, p. 127; Cotton Oil Press, 1920, p. 96. 

See also F. F. Martens, Z. f. angewandte Mikroscopie, 5, 1900, p. 338. 

(88) See, eg., M. Wagner, Z. f. L, 33, 1913, p. 149. 

G. P. Woronkoff. Z. f. techn. Phys., 5, 1924, p. 99. 

(39) See, e.g., I. N. Kugelmass, C. R., 175, 1922, p. 343. Also C. F. Brush, Phys. Rev., 
31, 1910, p. 241. 

(40) K. 8. Gibson. Bureau of Standards, Bull., 15, 1919, p. 325; Opt. Soc., Trans., 
21, 1919, p. 107; Opt. Soc. Am., J., 2-3, 1918, p. 23; Rivista d’ottica e mechanica di 
precisione, 1, 1919, p. 52; Opt. Soc. Am., J., 7, 1923, p. 693. 

See also H. v. Halban and H. Geigel, Z. f. phys. Chem., 96, 7920, p. 214; H. v. Halban 
and K. Siedentopf, idem, 100, 1922, p. 208. 

(41) G. M. B. Dobson. Roy. Soc., Proc., 104, 1923, p. 248; Z. f. 1, 45, 1925, p. 207. 

See also G. R. Harrison, Opt. Soe. Am., J., 10, 1925, p. 157. 

L. Behr. Opt. Soc. Am., J., 10, 1925, p. 288. 

EK. V. Hjort, A. Lowy and O. Blackwood. Opt. Soc. Am., J., 9, 1924, p. 43. 

(42) The measurement of the translucency of paper is a possible exception. See 
W. Schmidt, Papier Ztg., 33, 1908, p. 1951. 

P. Klemm. “Handbuch d. Papierkunde”’ (Grieben, Leipzig, 2nd edit., 1910), 
p. 323. 

C. F. Sammet. U.S. Bureau of Chem., Cire. No. 96, 1972; Chem. News, 105, 1912, 
p. 291. 

(43) See also A. P. Trotter, Illum. Eng., 12, 1919, p. 243; Licht u. Lampe, 1920, 
pp. 3, 28, 53 and 72. 

O. Chwolson. Acad. Imp. des Sci., 8S. Pétersbourg, Bull., 31, 7887, p. 213; Mélanges 
phys. et chim., 12, 1886, p. 475. 

M. Luckiesh. El. World, 60, 1912, p. 1040, and 61, 1913, p. 883; Electrician, 70, 
1912, p. 342, and 71, 1913, p. 562; Licht u. Lampe, 1921, p. 30. 

J. R. Milne. Roy. Soc. Edin., Proc., 33, 1913, p. 264; Z. f. I., 24, 1914, p. 169. 

W. EH. Sumpner. Phil. Mag., 35, 7893, p. 81. 

(44) M. Luckiesh and L. L. Mellor. Frank. Inst., J., 185, 7918, p. 551, and 186, 1918, 
p. 529; Licht u. Lampe, 1924, p. 102; Nela Bull., 1, 1922, p. 498. 

M. Luckiesh. Opt. Soc. Am., J., 2-3, 1919, p. 39. 

_ (45) A. H. Taylor. Tllum. Eng. Soc. N. Y., Trans., 15, 1920, p. 815; Bureau of 
Standards, Bull., 17, 1921, p. 1; Rev. d’Optique, 2, 1923, p. 484. 

See also E. Karrer, Opt. Soc. Am., J., 5, 1927, p. 96; Bureau of Standards, Bull., 17, 
1921, p. 203; Rev. d’Optique, 2, 1923, p. 481. 

(46) H. Kriss. Z. f. L., 28, 1903, p. 8. See also Jahrbuch d. Photog., 16, 1902, p. 39. 

C. Pritchard. Roy. Astron. Soc., M. N., 45, 1884, p. 29. 

(47) P. G. Nutting. Astrophys. J., 40, 1914, p. 33; Wash. Acad. Sci., J., 4, 1914, 
p. 129; Phot. J., 54, 1914, p. 187. 

(48) This may be simply demonstrated in the case of a single lens as follows: The 
flux reaching the lens (area L) from an elementary area S of the object is BySL/u?. Simi- 
larly, by the reciprocal relation connecting the flux emitted with that received (see p. 102), 
the flux reaching the corresponding area of the image is B;S’L/v. But S/S’ = u?/v? 
(see p. 24) so that By = B;. 

: ae e.g., H. Haudié, Soc. Frang. de Phys., Séances, 7905, p. 419 J. de Phys., 4, 1906, 

A. Gleichen. Deut. Mech. Ztg., 1, 1900, p. 1. 

H. Kriiss. Deut, Mech. Ztg., 3, 1902, pp. 245 and 254, 

P. W. Cobb. Psychol. Rev., 23, 1916, p. 71, 


een ye eee ee 


MEASUREMENT OF BRIGHTNESS | 407 


és re a rigid formal proof, see E. Abbe, Jenasche Z. f. Medicin u. Naturwiss., 6, 1871, 
J. D. Everett. Phil. Mag., 25, 1888, p. 216. : 
W. T. A. Emtage. Phil. Mag., 41, 1896, p. 504. 
P. Drude. ‘Lehrbuch d. Optik.,” part I, chap. IV. 
(49) See, eg., C. Wolf, J. de Phys., 1, 1872, p. 81; Rep. d. Phys., 8, 1872, p. 227. 
R. W. Cheshire. Optical Convention, Proc., 1912, p. 34; MM. P. L., Coll. Res., 10, 
1913, p. 189. 

F. KE. Wright. Opt. Soc. Am., J., 2-3, 1919, p. 65. 

J. Guild. Opt. Soc., Trans., 23, 1922, p. 205; Z. f. 1., 43, 1923, paloou Ne Pale Colle 
Res., 17, 1922, p. 289. 

C. Fabry. “ Legons de Photométrie ’”’ (Paris), 1924), p. 130. 

(50) G. W. Moffitt and P. B. Taylor. Opt. Soc. Am., J., 8, 1924, p. 511. 

(51) S. E. Sheppard and ©. E. K. Mees. “‘ Investigation on the Theory of the Photo- 
graphic Process”? (Longmans, 1907), part I., chap. II. 

(52) P. P. Koch. Ann. d. Phys., 39, 1912, p. 705, and 40, 1913, p. 797. 

A. 8. King and P. P. Koch. Astrophys. J., 39, 1914, p. 213. 

Cy Eultrichey Za tela 01910, pe le 

(53) See, e.g., S. E. Sheppard and C. E. K. Mees, “ Investigations on the Theory of the 
Photographic Process ’? (Longmans, Green, 1907), part I., chap. II.; Z. wiss. Photog., 
2, 1904, p. 303. 

S. E. Sheppard in “ Photography as a Scientific Implement ” (Blackie, 1923), p. 172. 

A. ©. Hardy. Opt. Soc. Am., J., 10, 1925, p. 149. < 

Phot. J., 65, 1925, p. 290. 

(54) The usual method of expressing the intensity of the image is by the reciprocal of r 
(opacity 2) or the logarithm of this reciprocal to base 10 (density D) so that D = log,,Q = 
— logy) t (see C. Jones, Phot. J., 39, 1898-9, p. 99, and Report of Committee on Glare, 
Illum. Eng. Soc. N. Y., Trans., 10, 1915, p. 353; J. Precht, Archiv f. wiss. Photographie, 
1, 1899, p. 292; Z. £. phys. Chem., 33, 1900, p. 252). 

(55) F. Hurter and V. C. Driffield. Soc. Chem. Ind., J., 9, 1890, p. 455. 

(56) F. F. Martens. Photographische Correspondenz, 38, 1901, p. 528. 

F. F. Martens and F. J. Micheli. Arch. des Sci., 11, 1901, p. 472. 

S. Maximowitsch. Phot. Korresp., 46, 1909, p. 379. 

E. Goldberg. Photog. Correspondenz, 47, 1910, pp. 226 and 266; Congrés Int. de 
Photog.; C.r., 5, 1910, p. 144; Z. f. angew. Chem. (I.), 29, 7916, p. 394. 

(57) A. Callier. Phot. J., 33, 1909, p. 200; 53, 1913, p. 242; Z. wiss. Photog.,7, 
1909, p. 257. 

C. Jones. Phot. J., 39, 1898-9, p. 102. 

F. F. Renwick. Phot. J., 52, 1912, pp. 250 and 260. 

W. de W. Abney. Soc. Chem. Ind., J., 9, 1890, p. 722. 

F. Hurter and V. C. Driffield. Jbid., p. 725; Brit. J. of Photography, 59, 1912, 
pp. 668 and 717. 

W. de W. Abney. Soc. Chem. Ind., J., 10, 1891, p. 18. 

F. Hurter and V. C. Driffield. Jbid., pp. 20, 98 and 318. 

(58) S. E. Sheppard and C. E. K. Mees. “ Investigations on the Theory of the Photo- 
graphic Process ’’ (Longmans, 1907), p. 39. : 

H. T. Simon. Jahrbuch d. Photog., 12, 1898, p. 10. 

A. Callier. Phot. J., 33, 1909, p. 200; Z. wiss. Photog., 7, 1909, p. 257. 

O. Bloch and F. F. Renwick. Phot. J., 56, 1916, p. 49. 

F. F. Renwick. Phot. J., 50, 1910, p.177; 54, 1914, p. 167. 

W. B. Ferguson. Phot. J., 52, 1912, p. 283; 64, 1924, p. 30. 

A. J. Bull and H. M. Cartwright. J. Sci. Inst., 1, 1923, p. 74; Phot. J., 64, 1924, 

. 180. 
4 J. G. Capstaff and N. B. Green. Phot. J., 64, 1924, p. 97; Kodak Publ., 8, 1924, 
pb. 30. 
(59) D. E. Benson, W. B. Ferguson and F. F. Renwick. Phot. J., 58, 1918, p. 155 ; 
Electrician, 81, 1918, p. 391. 

(60) W. Haensch. Deut. Mech. Ztg., 1914, p. 1. ? 

(61) A. L. Schoen. Opt. Soc. Am., J., 7, 1923, p. 483; Kodak Publ., 7, 1923, p. 19. 

CG. B. Bazzoni, R. W. Duncan and W. 8. Mathews. Opt. Soc. Am., J., 7, 1923, p. 1003. 

(62) L. A. Jones. Opt. Soc. Am., J., 7, 1923, p. 231; Kodak Publ., 6, 1922, p. 210; 
Z. £. 1., 44, 1924, p. 321. be 

(63) F. C. Toy and 8. O. Rawling. Phot. J., 64, 1924, p. 189; J. Sci. Inst., 1, 1924, 
p- 362; Z. f. 1., 45, 1925, p. 51. 

F.C. Toy. Phys. Soc., Proc., 36, 1924, p. 432. 

T. Slater Price. Nature, 113, 1924, p. 351. 

See also R. Leumann, Brit. Patent No. 1,365 (1911), and E. V. Hjort, A. Lowy and 
O. Blackwood, Opt. Soe. Am., J., 9, 1924, p. 43. 

(64) B. Baillaud. C. R., 132, 1901, p. 1091. . 

P. P. Koch. Ann. d. Phys., 39, 1912, p. 705; 40, 1913, p. 797, and 42, 1913, p. 1, 

J. Baillaud, ©. R., 156, 1913, p. 113. 


408 PHOTOMETRY 


A. 8S. King and P. P. Koch. Astrophys. J., 39, 1914, p. 213. 

G. Neumann. Phys. Z., 14, 1913, p. 241. 

(65) O. Tugman. “Astrophys. J., 42, 1915, p. 321 (but see, ibid., p. 331); Z. f. L., 36, 
1916, p. 238; Kodak Publ., 2, 1915, p. 46; Phys. Rev., 6, 1915, p. 506. 

(66) J. Hartmann. Z. f.1., 19, 1899, p.97; Astrophys. J., 10, 1899, p. 321; Jahrbuch 
d. Photog., 13, 1899, p. 106, and 19, 1905, p. 89. 

E. Lehmann. Deut. Phys. Gesell., Verh., 13, 1911, pp. 335 and 503. See also J. 
Hartmann, ibid., pp. 444 and 670. 

(67) K. Swartzchild and W. Villiger. Astrophys. J., 23, 1906, ?; 284. 

(68) Instead of a wedge a sector disc may be used. See H. Lux, Z. £. Bel., 25, 1919, p. 68. 

(69) P. P. Koch. Ann. d. Phys., 38, 1912, p. 507. 

A. Miethe. Jahrbuch d. Photog., 25, 1911, p. 256. 

(70) Ch. Fabry and H. Buisson. C. R., 156, 1913, p. 389 ; J. de Phys., 9, 1919, p. 37; 
Revue d’Optique, 3, 1924, p. 1. 

J. Baillaud. O.R., 156, 1913, p. 113; Congrés Int. de Photog., C.r., 5, 1910, p. 275; 
Ann. de l’Obs. de Paris, Mém., 29, 1919, p. D. 13; Soc. Astron. de France, Bull., 28, 
1914, p. 27. 

H. Chrétien. Soc. Astronomique de France, Bull., 27, 1913, p. 59. 

L. C. Martin. Opt. Soc., Trans., 26, 1925, p. 109. 

(71) J. Konigsberger. Z. f. I., 21, 1901, pp. 59 and 129; Ann. d. Phys., 4, 1901, 


[Ds TSK 

See also Z. f. I., 22, 1902, p. 88, and Phys. Z., 4, 1903, p. 345, where an adaptation of 
the instrument to spectrophotometric work is described. 

(72) W. F. Meggers and P. D. Foote. Bureau of Standards, Bull., 16, 1920, p. 299 ; 
Opt. Soc. Am., J., 4, 1920, p. 24; Rev. d’Optique, 3, 1924, p. 93. 

K. W. F. Kohlrausch. Photog. Korrespondenz, 59, 1922, p. 41. 

(73), P,P. Koch.” Ann. d. Phys., 39, 1912, p. 705; 2. £. 1, 34, 1914, p. 207. 

M. Glagolew. Russian Phys.-Chem. Soc., J. (Phys. part), 45, 1913, p. 241. 

A modification is described by F. Goos in Z. f. I., 41, 1921, p. 313; E.T.Z., 44, 1923, 
p. 619; Rev. d’Opt., 1, 1922, p. 147. 

See also J. O. Perrine, Opt. Soc. Am., J., 8, 1924, p. 381; Phys. Rev., 22, 1923, p. 48, 
and R. A. Sampson, Roy. Astron. Soc., M. N., 83, 1923, p. 174. 

H. Rosenberg. Z. f. I., 45, 1925, p. 313 (see also pp. 494 and 540). 

A thalofide cell (see p. 325) has been used instead of a photo-electric cell by C. B. 
Bazzoni, R. W. Duncan and W. S. Mathews, Opt. Soc. Am., J., 7, 1923, p. 1003. 

(74) W. J. H. Moll. Phys. Soc., Proc., 33, 1921, p. 207 ; Electrician, 86, 1921, p. 493. 

E. Albrecht and M. Dorneich. Phys. Z., 26, 1925, p. 514. 
C oe instrument is made by Kipp and Zonen, Delft, and supplied by Adam Hilger, 

ondon. 

M. Siegbahn. Ann. d. Phys., 42, 1913, p. 689; Phil. Mag., 27, 1914, p. 909, and 48, 
1924, p. 217. 

A. EB. Lindh. Z. f. Phys., 6, 1921, p. 303. 

HE. Pettit and 8. B. Nicholson, Opt. Soc. Am., J., 7, 1923, p. 187; Phys. Rev., 22, 
1923, p. 207. : 

See also G. R. Harrison, Opt. Soc. Am., J., 7, 1923, p. 999 (Radiomicrometer), and Opt. 
Soc. Am., J., 10, 1925, p. 157 (Various). ; 

(75) P. G. Nutting and L. A. Jones. Wash. Acad. Sci., J., 4, 1914, p. 313; Tllum. 
Eng., Soc. N. Y., Trans., 9, 1914, p. 611; Kodak Publ., 1, 1914, p. 48. 

(76) C. C. Paterson, J. W. T. Walsh, A. K. Taylor and W. Barnett. Inst. El. Eng. 
J., 58, 1920, p. 83; Hlectrician, 83, 1919, p. 625; Tllum. Eng., 12, 1919, p. 335. 

See also A. de la Rive, C. R., 64, 7867, p. 1223; Ann. Chim. Phys., 12, 1867 p. 243 ; 
Phil. Mag., 34, 1867, p. 241; Repertorium d. Phys., 3, 1867, p. 387. < ‘ 

(77) G. Gehlhoff and H. Schering. Z. techn. Phys., 1, 1920, p. 247; Z. f. I., 42, 1922 
p. 312; Phys. Z., 22, 1921, p. 71. é; sas ene 

H. Buisson and C. Fabry. J. de Phys., 1, 1920, p. 25 ;. Rev. @’Optique 922 : 
Z. 4. 1., 42, 1922, p. 313. A eerie) 482%, Sano 

See also H. Karrer and A, Poritsky, Opt. Soc. Am., J., 8, 1924, p. 355. 

(78) A. Blondel. ©.R., 170, 1920, p.°93. 
et i igs8 oe Roy. Soc., Proc., 96, 1919-20, p. 19 ; Roy. Meteorolog. Soc., 

(80) A. Rudolph. Z. vereines deut. Ing., 48, 1904, p. 636; Phys. Z., 5, 1$ 36 ; 
Ann. d. Hydrographie, 33, 1905, p. 567. : Re Oe 

C. L. Utterback. Illum. Eng. Soc. N. Y., Trans., 14, 1919, p. 133: o D) 
1919, p. 269. { 14, 1919, p. 1383; Tum. Eng., 12, 

(81) EH. Karrer and EK. P. T. Tyndall. Bureau of Standards, Bull., 16, 1920, p. 377 

82) H. Lux. Z.f, Bel., 16, 1910, p, 109, See also J. B. Bailloand(. Féry Tore EI 

a Var 0 188, ; ] ulso J. B. Baille and C. Féry, Lum. EL, 

(83) EH. Karrer and A. Poritsky. Opt. Soc. Am., J., 8, 1924, p. 355; Z 9 
p. 423; Z.f. techn. Phys., 6, 1925, p. 266. se eee el 

Ae: H. K. Ives. Illum. Eng. Soc. N. Y., Trans., 9, 1914, p. 183; Z. f. Bel., 20, 19174 
p. dL, ; ,, 


MEASUREMENT OF BRIGHTNESS 409 


(85) C. C. Troubridge. Phys. Rev., 26, 1908, p. 515. 
E. L. Nichols and E. Merritt. Phys. Rev., 23, 1906, p. 37, and 32, 1911, p. 38. 
H. K. Ives and M. Luckiesh. Astrophys. J., 34, 1911, p. 173. 

R. W. Wood. Phil. Mag., 21, 1911, p. 309. 

L. J. Desha. Am. Chem. Soc., J., 42, 1920, p. 1350 (Photo-luminescence of chemical 
solutions). 

Spectrophotometric methods were used for work in photo-luminescence by E. L. 
Nichols and E. Merritt, Phys. Rev., 21, 1905, p. 247, C. W. Waggoner, idem, 27, 1908, 
p. 209, and C. A. Zeller, idem, 31, 1910, p. 367. See also F. v. Hauer and J. v. Kowalski, 
Phys. Z., 15, 1914, p. 322. 

(86) A. Pospielow. Ann. d. Phys., 45, 1914, p. 1039. 

(87) A. Lode. Centralbl. f. Bakteriologie (Abth. I.), Originale, 35, 1904, p. 524. 

(88) K. Siegl Deut. Mech. Ztg., 1905, p. 33. 

C. C. Paterson, J. W. T. Walsh and W. F. Higgins. Phys. Soc., Proc., 29, 1917, p. 215; 
N. P. L., Coll. Res., 15, 1920, p. 285; Illum. Eng., 10, 1917, p. 137. 

W. C. Clinton. Ilum. Eng., 11, 1918, p. 260. 

W.S. Andrews. Gen. El. Rev., 19, 1916, p. 892; El. World, 68, 1916, p. 821. 

A. Blok. Illum. Eng., 10, 1917, p. 76. 

N. E. Dorsey. Wash. Acad. Sci., J., 7, 1917, p. 1; Opt. Soc. Am., J., 1, 1917, p. 100. 

E. Kara-Michailova and H. Pettersson. Wien Ber. (Ila), 133, 1924, p. 163. 

(89) H. Seeman. Phys. Z., 17, 1916, p. 622. 

See also H. Boas. Deut. phys. Gesell., Verh., 1, 1899, p. 242. 

(90) H. E. Ives and M. Luckiesh. El. World, 57, 1911, p. 438 ; Electrician, 67, 1911, 
p. 53; Nela Bull., 1, 1973, p. 105. 

(91) H. Hartinger. E.u.M., 43, 1925 (Lichttechnik), p. 27; Licht u. Lampe, 1924, 
p. 651; E.T.Z., 46, 1925, p. 20. 

L. Bloch. Licht u. Lampe, 1925, p. 39; E.T.Z., 46, 1925, p. 20. 

(92) C. R., 156, 1913, p. 1231; Le Génie Civil, 63, 1913, p. 16; Z.f. 1, 33, 1913, 


p. 284. 


CHAPTER XIV 
PHOTOMETRY OF PROJECTION APPARATUS 


Or all the problems of practical photometry, the one which, it 
is probably true to say, presents the most difficulty, and is not 
infrequently carried out under conditions which render the results 
liable to considerable error, is the photometry of projectors. All 
candle-power photometry depends on the measurement of the 
illumination produced at a standard surface by a source placed at 
a measured distance from it (see Chapter VI.). In order to determine 
the candle-power of the source it is necessary to assume that all the 
light illuminating the surface proceeds from a restricted area which, 
to the degree of accuracy aimed at in the measurements, may be 
regarded as a mathematical point. In other words, the source must, 
for the purpose of the measurement, be such that it can legitimately 
be regarded as a point source situated at a definite distance from the 
photometer. 

It is frequently impossible to make this assumption in the case 
of light emitted from an optical device (1), for in many cases this 
device redistributes the light in such a way that it appears to proceed 
from a source at infinity, while in other cases different parts of the 
optical system produce separate images of the primary light source, 
so that the resulting beam is in reality composed of a number of 
primary beams, each of which appears to proceed from a different 
point in space. The simplest problem in projector photometry is 
that in which the optical device produces a single image of the source 
at some definite position. The image produced by a lens or spherical 
mirror is of this kind, provided (a) the aperture of the optical device 
be small compared with its distance from the source, and (b) the 
source be not at the focus of the lens or mirror. Examples of pro- 
jectors of this type are the magic lantern and kinema projector. 

In a problem of this kind the only departure from ordinary 
photometric procedure is that the measurements involved in the 
application of the inverse square law must be made from the position 
of the image, and not from the source or the optical device (2). This 
is only true so long as the whole of the image is visible from every 
point of the photometer screen. It is clear that the inverse square 
law cannot be applied at all when the optical device is delimiting 
the image, so that the fraction of the whole which is visible in any par- 
ticular direction depends upon the distance of the photometer from 
the device. When the image is so much larger than the device that 
the surface of the latter appears bright all over, the device itself may 
be regarded as the source, if the image be of uniform brightness, 
for the edge of the optical device then acts in the same manner as 
a diaphragm placed in front of a bright surface (see p. 108) * (8), 

* The above conclusion applies equally if the image be real, and lie between the device 
and the photometer, 
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Tt must be remembered that in the case of a magnified image, 
even if the optical device be not acting as a stop, it may be necessary 
to use the photometer at a greater distance than would be necessary 
in the case of the original source. For example, in the case of a line 
source of length.2/, placed along the axis of a lens of focal length f, 
with its centre at a distance w from the lens, by means of the formula 
given on p. 22 it is easy to show that the length of the image formed 
by the lens is 2f7U/(f + wu —I)(f+u-+1). If, then, f = — 6 inches, 
1 = 0-5 inch, and uw = 3-5 inches, the length of the image is 6 inches, 
and the minimum permissible distance of the photometer from the 
image has to be six times that which would be allowable in measuring 
the original source. ‘ 

Parallel Beam Projectors.—Probably the most important case of 
projector photometry is that in which the source is at the focus of 
the optical device, so that the image is at infinity. This is the 
problem presented in the photometry of searchlight projectors, 
where the source is placed at the focus of a parabolic mirror, or of 
lighthouse lanterns, where the source is at the focus of a plano- 
convex lens. These two cases will be considered separately. The. 
parabolic mirror has been very fully dealt with by F. A. Benford (*). 
In the case of a uniform point source the rays proceeding from the 
mirror are all parallel, so that the illumination is constant at all 
distances from the mirror, and the apparent candle-power is there- 
fore entirely dependent on the distance of the photometer. The 


Fic. 269.—Projector with a Point Source. 


illumination at any point in the beam is easily obtained. or 
(Fig. 269) if the candle-power of the source be /, the flux density 
at M is I/LM?, since the flux per unit solid angle from L is J lumens. 
If the focal length of the parabola be f, then LM is given by 


2\2 

1 A : . : 

LM? = y? + ( — g)’ where y is the distance of M from the axis. 

Hence the illumination at a point in the beam P, distant y from 

y2\2 

the axis of the mirror, is p// ( + 7) , where p is the reflection factor 

of the mirror. The distributions of illumination for mirrors of various 

focal lengths can readily be obtained from Hig. 270. oe 
The case of a source of finite size is somewhat different. If this 


source have a definite brightness B, which is the same in all directions, 
then from a distant point P on the axis of the beam the whole surface 
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of the mirror appears to have the brightness Bp, for (Fig. 271), 
considering an element M of the mirror surface, since the angles 
of the incident and reflected beams are equal, the angular density 
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Fig. 270.—Relative Illumination across a Projector Beam (Point Source). 
(For absolute values multiply by pJ/f?.) 
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of the flux reflected from this element in the direction P is equal 
to the angular density of the flux reaching MV, i.e., to that of the 
flux emitted by DL, reduced in the ratio p: 1, so that the brightness 
of M, as viewed from P, is pB. It follows that at P the apparent 


Fie. 271.—Projector with a Finite Source. 


candle-power of the whole mirror is 7pR?B, where R is the radius 
of the mirror. ‘This holds whatever be the shape of the source, 
provided its brightness be uniform in all directions. In the case of 
a dise source, it must be remembered that the candle-power is zero 
at angles of emission greater than 90°, so that a mirror embracing a 
total angle of more than 180° is of no advantage in this case. 

In the above discussion of the apparent candle-power of a mirror 
it is assumed that P is situated so far from the mirror that the latter 
appears bright or “ flashes” all over. In other words, it is assumed 
that the elementary beams due to two opposite points at the extreme 
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edge of the mirror cross at some point between P and the mirror 

(see Fig. 272), so that P receives light from every part of the mirror 
surface. No point, such as P’ or Q, for which this is not the case 
can be assumed to have an illumination based on the formula for the 
apparent candle-power given above, and within the crossing point 
on the axis the inverse square law must not be assumed to hold. 


Fie. 272.—Projector with a Spherical Source. 


For a spherical source of radius r (Fig. 272) (5) the limiting 
distance d for the application of the inverse square law along the 
axis of the mirror is given by 


bite ie 
Rid — Se} = olf + Fe) 
so that d=z 2; ae 


For a mirror of 60 cm. aperture and 30 cm. focus, with a source of 
1 cm. radius, d is 11-3 metres. 


Fic. 273.—Projector with a Disc Source. 


For a disc source (see Fig. 273), instead of r in the above 
expression, it is necessary to write 


r(f — REAP |p + R2/4f), 
ne (ar ee caal a ae! 
so that (°) d= R/4f+h (/ ++ iy) ic ( — ae 
It is to be noted that this expression becomes infinite when k = 2f, 
i.e., when the mirror embraces a total angle of 180° with a disc 
source. In the case of the dimensions used in the above example 
with a spherical source, d is now equal to 18-8 metres. 
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i i imi for in this 

The case of prism reflection may be treated similarly, 1 
case, too (see Fig. 274), the angular density of the ea: oe a 
equal to that of the reflected flux, provided the pee i sas 
This is the case of the outer catoptric elements of a lighthou E 


Axis of Projeetion 


Fic. 274.—Prismatic Reflection. 


The inner elements, however, depend on refraction. If in Fig. 275 
the light from a source situated at L be refracted by the prism K 
so as to emerge in an approximately horizontal direction, it 1s easy 
to show that, in the special case when the first refracting face of 
the prism is vertical, if m be the refractive index of the glass (see 


K Horizontal 


Axts of Projection 


Fia. 275.—Projection by Refraction. 


p. 20), incident rays inclined at an angle « will be refracted and 
emerge at an angle «’, where «’/« = cos 6 (n? — Vn? — sin? 6)/ 
{n? — sin? 6 — Vn? — sin? 6}. The value of this expression will 
be found to increase from 1 as @ increases from zero, so that for a 
constant value of « the elementary beams given by the more extreme 
elements of the lens will be more divergent than elementary beams 
from the intermediate elements. If f be the focal length of the 
system and the source a sphere of radius r, an element at an angular 
distance @ from the axis will give a beam having a semi-angular 
depth of «', found by putting « = (r/f) cos @ in the above expres- 
sion. Since the distance d at which this beam meets the axis is 
equal to y cot «' or y/a’, t.e., to (f/«’) tan @, it follows that the 
minimum distance at which the inverse square law can be applied 
may be found in a manner similar to that described for the‘re- 
flector. ‘The problem of the dise source may be treated similarly (“). 
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In all the above cases it will be noticed that, to a first approximation, 
d varies as R/r, as might, indeed, be expected a priorz (8). 

In the above discussion of the minimum distance at which it is 
safe to apply the inverse square law for the calculation of apparent 
candle-power there are three important considerations which hav 
not so far been mentioned. These are as follows :— 

(i.) It has been tacitly assumed that the size of the optical 
device is so small compared with d that no appreciable error would 
be introduced in applying the inverse square law to a uniformly 
bright disc of the same radius (R) (see p. 102). 

(ii.) Throughout the work d has been measured from the centre 
of the optical device itself ; it must not be assumed that this point. 
is the effective source from which distances are to be measured. 
This is not so, for in the case of the parabolic reflector, since 
the whole mirror surface appears to have a uniform brightness, 
viz., pB, it may be replaced by a disc of this brightness and of the 
same area as the aperture of the mirror placed in the plane of the 
front edge of the mirror (°). In the case of the lens projector the 
brightness is not quite uniform, but the error introduced by assuming 
the effective source to be in the plane of the lens is quite small. 

(iii.) All the above work has referred to candle-power measured 
in the direction of the axis of the beam. While this is the most 
important direction in the majority of problems, it is frequently 
necessary to determine the candle-power distribution across the 
beam, and the method of finding the value of d for various directions 
inclined to the axis will therefore be described in the case of the 
parabola. The dioptric lens may be treated similarly, but the 
calculations are more lengthy (1°). 

Variation of Apparent Candle-Power across the Beam.—From 
Fig. 276, if L be a disc, and d the distance from the mirror at which 


Fic. 276.—Beam Measurements at Oblique Angles. 


the extreme ray of the elementary beam proceeding from M crosses 
the line passing through the centre of the mirror and inclined to the 
axis at an angle 0, then, to a first approximation, since « and @ are 
both small, R/d = « — 0, and « = r(f — h?/4f)/(f + R?/4f)?, so that 
— k = - . 

AG cg Gi et 

d becomes infinite when 0 = r(f — R?/4f)/(f + #?/4f)?. With the 
dimensions given in the example used above this value of @ is 0-016, 
ot about 0:9°.. When @ is 0:015, however, d = 300 metres. It follows 


d 
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that in this case, where the maximum beam divergence is 0-033 
(semi-angle), the inverse square law may be applied to measurements 
of illumination made at distances of 300 metres or more over an 
angular breadth from the axis of the beam of only 0-45 times the 
total breadth. While this is theoretically the case, in practice the 
variation of the illumination with distance departs but little from 
this law for wider angles, since the elementary beams which cross 
the observation line between the 300-metre point and infinity 
contribute but little to the total illumination. For example, with 
the projector system already calculated, when 6 = 0-03, 7.e., only 
10 minutes of arc from the extreme edge of the beam, the percentage 
error introduced by measurements at 300 metres instead of infinity 
is less than 1-6 per cent. It thus appears that measurements of 
such a projector system may be made at a range equal to about 
1,000 times the radius of the projector when the semi-divergence of 
the beam is not less than 2° (14). For approximate work one-half, 
or even one-quarter, of this range may be sufficient, but in practice 
it has to be remembered that the above discussion is based on the 
assumption of a perfect mirror. The imperfections and irregularities 
of form met with in practical apparatus make it desirable to use an 
even longer range than that indicated above if really accurate results 
are required. 

Photometry of Large Projectors: Searchlights.—For large pro- 
jectors there is a very serious practical difficulty in the use of long 
ranges, and this may well counterbalance the extra accuracy 
theoretically obtainable at greater distances. Searchlight projectors 
of double the size used in the above examples are now common, so 
that ranges up to at least half a mile are necessary, with the result 
that measurements have to be made in the open, or at least the 
beam from the projector has to traverse half a mile or more of 
atmosphere at a distance, generally, of a few feet above the ground. 
The result is that absorption of light by a very slight amount of mist 
or other suspended matter in the air causes a reduction in the beam 
intensity at the end of the range, which may be as much as 20 to 
30 per cent. before the presence of the mist, efc., becomes noticeable 
to the eye (*). If atmospheric absorption be present to any marked 
degree it is impossible to obtain any satisfactory photometric 
measurements, for the rapidity with which the transmission factor 
varies, both from time to time and from place to place, makes it a 
very uncertain method to attempt to allow for the variations by 
subsidiary measurements such as those to be described later. The 
interference due to ground mist may generally be much reduced if 
the beam be projected across a valley, the projector and the photo- 
meter being on the opposite slopes of the hills on either side. 

In determinations of the apparent candle-power in various parts 
of the beam it is desirable to move the projector in altitude and 
azimuth, since at a range of half a mile a beam of 4° total divergence 
has a linear diameter of over 60 yards, and an angular movement 
of the projector is usually much easier to arrange than a lateral 
movement of the photometer over such a long distance (18). In the 
case of vertical distribution, tilting the projector is clearly the only 
course practically possible. Angles may be accurately determined 
by means of large scales attached to the projector or, more accurately, 
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by means of a small telescope rigidly fixed to the projector and 


. reading on bold horizontal and vertical scales placed at a distance 


of 50 to 100 feet in front of it. The projector and photometer 
stations should be in constant communication, preferably by 
telephone. s 

The actual photometric apparatus may take many different 
forms. A very convenient. arrangement consists simply of a standard 
surface supported vertically, or so as to be normal to the light from 
the projector. The illumination at this surface is then measured 
by means of a portable illumination photometer, and the candle- 
power is calculated by means of the inverse square law. Alterna- 
tively, a Lummer-Brodhun or other photometer head may be 
mounted on a small photometer bench whose axis is in the direction 
of the beam. A small comparison lamp on the side of the photometer 
away from the projector enables candle-power measurements to be 
made in the ordinary way. A difficulty in this method is the very 
wide range to be covered, the apparent candle-power in the centre 
of the beam being often 100 times that near the edge. 

‘Nearly all outdoor projector photometry, except that of very 
high candle-power searchlights at close range, has to be carried out 
at night. If, however, the illumination to be measured exceed 
about 1 metre-candle, approximate measurements may be carried 
out in the daytime by suitable screening arrangements, such as 
those shown in Fig. 277. The area of the aperture in the front screen 
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should be the minimum permissible, 7.e., the same as that of the photo- 
meter standard surface, so that if the distance between this screen 
and the photometer be, say, forty times the diameter of the aperture 
(e.g., 2 metres for a 5 cm. photometer disc), the “ daylight factor ”’ 
of the card is about 0-02 per cent. It follows that on a day in which 
the general illumination is 10,000 metre-candles, if the background 
of the projector have a reflection factor of about 10 per cent., the 
illumination of the photometer surface due to stray light will be 
1,000 x 0-0002, 7.e., 0-2 metre-candles. This illumination can be 
determined to the necessary accuracy by means of blank measure- 
ments before and after the experiment, and the amount found 
can then be subtracted from the measured illumination in the 
beam. 

In all photometry of projection apparatus it is essential that the 
source shall be maintained accurately at the focus of the optical 
device. This is not always easy to arrange when the source is an 
electric arc in which the carbons are gradually being consumed. 
The provision of a lens and scale device, termed a “ focus-scope,”’ 
at the side of the barrel is a great help in this adjustment. Since the 
are is frequently difficult to control for long periods, the value of 
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telephonic communication between the projector station and the 
photometer station can hardly be over-estimated. 

Are-light photometry with ordinary comparison sources has the 
great disadvantage of introducing a large colour difference into the 
photometer field. Since the accuracy aimed at (or, indeed, attain- 
able) is generally not higher than 2 to 5 per cent., the use of coloured 
glasses to produce an approximate colour match is almost universal 
in searchlight photometry. 

Atmospheric Absorption.—Various methods have been used for 
measuring and allowing for atmospheric absorption when this is 
not more than 10 to 20 per cent. These methods may be referred 
to as (i.) direct measurement, (ii.) the standard-beam method, and 
(iii.) the double-range method. yh. 

The first of these methods consists in a subsidiary determination 
of the absorption factor of the atmosphere by means of a telephoto- 
meter or other special apparatus (see p. 398). 

The second method really relies on the same principle as the 
first. A known constant source having a high surface brightness, 
such as a tungsten arc lamp, is placed in a standard projector 
at one end of the base, and the axial beam candle-power is 
measured at the other end in exactly the same way as for the 
test. projectors. Allowance for atmospheric absorption is then 
made as before. 

The third method consists in having two photometer stations 
instead of one and making measurements of the illumination at a 
given part of the beam at both stations. If these are nearly in a 
straight line with the projector, only a slight movement of the beam 
is necessary, and the two measurements can be made very quickly 
one after the other. If the distances of the stations be d, and d,, 
then when the transmission factor of the atmosphere is 7 per unit 
distance the illuminations will be respectively #, = J7%/d,? and 
HE, = I7®/d,?, or, eliminating 7, d, log (d,?H#,/I) = d, log (d,7H,/I). 
The calculations are much simplified if d, = 2d,, so that J = 
d,*H,7/4E,. This method depends on the assumption that 7 is 
constant over the whole range d,, and consequently very contra- 
dictory results are sometimes obtained, especially over land, where 
slight ground mists, which are the chief source of trouble, are very 
variable in density from place to place (**). 

Lighthouse Projectors.—The lens system used for lighthouses 
consists of two parts, viz., a central convex lens, divided into a 
number of steps known as ‘“ Fresnel ’’ or ‘“‘ dioptric ’’ elements, and 
an outer zone of total reflection prisms. Both of these systems are 
so arranged as to give a horizontal beam of light of the smallest 
divergence possible with the size of source used. The source is often 
a large incandescent mantle and may, to a first approximation, be 
regarded as spherical. The whole optical system may be as much 
as 10 feet in diameter. From the theoretical treatment given on 
p. 414 it will be seen that the measurement of apparent candle-power 
of a projector of this kind may be made in exactly the same way 
as for a parabolic mirror of equal size (15). The total reflection 
prisms, in fact, act in exactly the same way as a mirror, giving 
elementary beams whose divergence is equal to that of the beams 
they receive. The outer parts of the central lens give beams of 
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increased divergence, so that errors calculated on the same basis as 
- for a mirror cannot at any rate be exceeded by the lens. It follows 
that for a projector of 3 metres diameter and 150 cm. focal length, 
used with a spherical source of radius 7:5 cm., accurate measurements 
of apparent candle-power may be made in the axis of the beam at 
any distance over 37-9 metres. 

_ The range required for measurements of apparent candle-power 
in directions inclined to the axis may be found as in the case of the 
mirror projector. The beam of the projector above quoted as an 
example has a semi-divergence of rather more than 0-05 radian. 
The error made in a measurement of apparent candle-power at a 
range of 1,000 metres in a direction which makes an angle of 
0-04 radian with the axis is less than 2-8 per cent. 

Sometimes the method is adopted of measuring the apparent 
candle-power of separate portions of the whole optical system by 
blocking out the remainder with opaque screens. The candle-power 
of the whole system is then obtained by adding the candle-powers 
of the separate portions (1%). In this way it is possible to make the 
measurements at shorter ranges, since the range may be reduced 
more than in proportion to the 
aperture of the system exposed. vA fee 
The position of the photometer a 
must be arranged separately for oa [ 
each element measured, so that rs 
the line joining that element 
with the photometer makes the 
same angle in every case with 
the axis of the main beam. 
Thus if a projector is being 
measured in a direction making 
an angle « with the axis, the 
photometer must be placed on 
the line L,P, (Fig. 278) when the 
element L, is being measured, 
and on the line Z,P, when L, es 
is being measured, otherwise the ae TE oie: Phe en of 
candle-powers for the two ele- 
ments measured are in directions inclined to each other at the 
angle L,L,/L,P,, which is equal to 1-7° if L,P, is 100 metres when 
LL, is 300 cm. 

Photometry of Small Projection Apparetus.—The same principles 
as regards the range at which measurements may be made apply 
in the case of such apparatus as automobile or locomotive headlights 
as for searchlights, if all the dimensions be reduced in the same 
proportion. For example, if a headlight of 20 cm. diameter used 
with a source of 3-3 mm. radius be measured at a range of 100 
metres, the measurements will be subject to the same errors as those 
discussed on p. 416 above. The measurements are simplified, 
however, by the fact that in a photometric laboratory provided 
with a suitable long photometer room it is possible to make the 
measurements indoors. 

The projector may conveniently be mounted on a turn-table 
provided with a degree scale, while the turn-table itself is carried 
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on a kind of cradle such as that shown in Fig. 279 (17). A movement 
of + 15° to 20° in altitude is generally sufficient. 

The distance used in calculating the apparent candle-powers 
should be that from the photometer surface to the front face of the 
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projector (see p. 415). This distance should always be quoted with 
the candle-power values so that an estimate may be formed of the 
magnitude of the errors to which the measurements are liable. 

Heterogeneous Beams.—In some classes of projection apparatus, 
as, for example, ships’ navigation light lenses, the application of 
the inverse square law to illumination measurements is complicated 
by the fact that different parts of the optical system form different 
effective images of the source, and these images may be separated 
so widely from one another that it is extremely difficult to locate 
their photometric centre of gravity or to determine the minimum 
distance at which this centre of gravity may be assumed to remain 
sufficiently constant for the application of the inverse square law. 

In this connection it will be useful to obtain an expression for 
the centre of gravity of two sources of candle-powers J, and Ig, 
placed on the axis of a photometer bench at a distance apart equal 
to a. 

The illumination produced at the photometer screen, distant x, 
will be the same as that given by a source of candle-power (I, + J.) 
placed between the original sources and at a distance z from J/g, if 
(I, + L,)/a? = I,/(@ — 2 + a)* + I,/(« — z)®. Neglecting powers of 


l : : 
€ above the first, this becomes— 


I 7h ee 2(z — a)\ 2z 

(, + fy) = 1 Ar c We EY Ne ies Fr 
v.€., (a — z)l, = aly or 2 = al,/(J, + J,), and the inverse square 
law may be assumed to hold if applied from the position of the 
centre of gravity so long as the second order terms may be neglected. 
The error in the illumination at distance x, owing to the omission of 

. {,, &@— a)? ay : 
these terms, is ) 32 eee + 3/, Al which, expressed as a fraction 
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of the true illumination (I, + I,)/x?, is 3{1,(2—a)* + Iy27\ /(L, + 1,)a?. 
- Putting z = al,/(I, + I,), this becomes 3a?Z,J,/x2(I, + I), so that 
the error involved in assuming the inverse square law to hold 
from the centre of gravity is less than 1 per cent. so long as x 
exceeds l0aV31,J,/(I, + I,). If I, =I, this becomes 50/3. As 
the ratio /,/I, departs from unity the accuracy is improved. For 
instance, if J, = 9J,, x may be reduced to 3aV/3. 

In projection apparatus where different parts of the optical 
system produce separate images, the position of the centre of gravity 
of the images is obtained by measuring the light from each image 
separately, calculating its position, and then finding the centre of 
gravity as a result of these measurements, using the ordinary 
formula ~ = XJ,2,/X1,. In each set of measurements the whole 
of the optical system, except that being measured, is covered with 
an opaque screen, so that the light reaching the photometer is 
derived only from the particular part of the optical system under 
investigation. It sometimes happens that the position of the centre 
of gravity of the images, or the “ effective light centre”’ as it is 
called, is immaterial under the conditions of use. In that case the 
sum of the separate apparent candle-powers of the images produced 
by the different parts of the optical system is the required apparent 
candle-power of the whole system, but in basing calculations of 
illumination on the figure of candle-power thus obtained, it must be 
remembered that the distance at which the inverse square law may 
be assumed to hold must be large in comparison with the maximum 
separation of the various images contributing to the total illumina- 
tion. 

Total Flux Measurements.—For many purposes a measurement 
of the total luminous flux in the beam given by a projector may be 
of value quite apart from the details of distribution contained in a 
curve of effective candle-power. This measurement can often be 
made quickly and conveniently by means of some form of photo- 
metric integrator (see Chapter VII.). A small projector may be 
‘placed inside a sphere or cube so long as the beam is directed towards 
a suitable part of the sphere wall (see p. 214) and the projection 
apparatus is whitened outside (see p. 216). Alternatively, the 
projector may be placed outside an opening in the sphere so that 
the beam is projected on to the opposite wall. In this case allowance 
must be made for the effect of the opening, as explained on p. 222. 
If the projector be large it may be convenient to move the source 
of light away from the focus in such a way as to produce a real image 
of suitable dimensions, as shown in Fig. 280. Allowance must then 
be made for the alteration in the amount of flux from the source 
which reaches the effective aperture of the projector. For example, 
a searchlight projector consisting of a mirror of radius R and focal 
length f, with an are crater of radius 7, receives an amount of flux 
which may be calculated from the formula given in Chapter IV. 
(p. 102), putting d equal to f — (R?/4f). If the crater be moved a 
distance 0-1f away from the mirror, a real image of radius 10r is 
formed at a distance 11f from the mirror, while the flux reaching 
the mirror from the crater is now less by a calculable amount, so 
that the readings obtained must be increased in a determinable 
ratio, 
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An alternative method depends on the use of the integrating 
hemisphere described on p. 227. The projector may be placed at 
one end of a long blackened room and the beam projected on to the 
open hemisphere placed at the other end. The total flux contained 
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in different zones of the beam may be measured by providing a series 
of diaphragms to fit over the face of the hemisphere. Owing to the 
imperfect diffusion of the light by the surface of the hemisphere, 
especially at large angles of incidence, it is necessary either to use 
a compensating screen which has been specially designed to equalise 
the effect of flux reaching any part of the hemisphere when the 
light is parallel to the axis, or, alternatively, a series of slender radial 
wedges may be placed in the plane of the opening so as to weight 
the flux reaching the central parts of the hemisphere (15). A similar 
method might be used with a flat surface in place of a hemisphere. 

Instead of a diffusing surface, a paraboloidal mirror may be used 
to concentrate the flux on to a small whitened dise placed at or near 
the focus of the mirror, and the candle-power of this disc may then 
be measured by means of a photometer. This candle-power is pro- 
portional to the total flux received by the mirror. Apparatus of this 
kind must be calibrated by means of a steady beam, the total flux in 
which can be measured by a step-by-step method (9). ‘ 

Polished Shades and Reflectors.—An important practical case 
for the application of the principles described in this chapter arises 
in the photometry of lighting fittings, such as street lighting units, 
which consist partly of a polished reflector or a band of refracting 
elements (2°). In such cases it is generally possible to obtain some 
idea of the proportion of light which is “ projected” either by 
refraction or by specular reflection, and to adjust the distance at 
which photometric measurements are made so that the permissible 
error is not exceeded in the measurement of the combined candle- 
power when the inverse square law is applied. 
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CHAPTER XV 
STELLAR PHOTOMETRY 


One of the earliest applications of photometric measurement 
was to the determination of the relative luminous intensities of the 
heavenly bodies (1). The light-giving power of stars has, since the 
time of Ptolemy (?), been expressed in terms of an arbitrary scale 
of ‘“‘ magnitudes,” the magnitude of any particular star being 
obtained by comparison with one or more reference stars in its 
immediate neighbourhood (3). The scale of magnitudes has always 
been approximately, and is now strictly, logarithmic, being of the 
form log,, H = 0-4(1 — m), where m is the magnitude of a star, and 
E its intensity in terms of that of a first magnitude star. The ratio 
of intensity of successive magnitudes is thus 2/100 = 2-512 (4). 

The estimation of magnitude was at first made purely by eye (°), 
and later by bringing telescopic images of the two stars to be com- 
pared into as close juxtaposition as possible, generally by placing 
inclined mirrors or reflecting prisms in front of the objective (°). 
Various methods of altering the brightness of one image to equality 
with the other were used by different workers (7). A favourite 
method was the reduction of the effective aperture of one objective 
by means of a variable diaphragm (8), or by a wire gauze screen or 
a rotating sector (*). In some cases an artificial “‘ star ’’ was used, 
and the various real stars were compared with this in turn instead 
of with each other. 

The Zollner Photometer.—There are three types of photometer 
chiefly in use for visual measurement at the present time. The first 
of these is a polarisation instrument with an artificial comparison 
star, designed by J. C. F. Zélner (1°). This instrument has undergone 
a number of modifications of form at various times (14), but the 
general principle remains the same, and will be clear from the section 
shown in Fig. 281. An artificial star is formed by a small aperture 
in the diaphragm A, behind which is placed a ‘source of light of 
known brightness. This source may conveniently be an electric 
lamp (1?). The light from A passes through the Nicol prisms N,, 
N, and Nz, the quartz plate @, and the lens Z, and is then reflected 
from the front surface of the glass plate M. The intensity and 
colour of the reflected image are varied by rotating the different parts 
of the optical train, the colour by rotating N, relative to N, and 
@ (8), and the intensity by rotating the whole system N QN 
relative to Nz, by means of the handle F. N, is fixed in relation to 
the tube BC, which forms part of the eyepiece of a telescope through 
which the star is viewed. The telescope is so directed that the image 
of the star under observation, and the reflected image of A. are 
sufficiently close to each other for accurate adjustment, to equality 
By an obvious change of design (see Fig. 282) the real star may be 
seen by reflection, and the artificial star by transmitted light (14). 
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Apparatus have been designed for automatically registering the 


readings made at night with this instrument (12). 


Fic. 281.—The Zéllner Photometer. 


Photometers in which a neutral wedge is used in front of an 
artificial star to reduce its brightness to equality with that of the 


image of a real star have been exten- 
sively used (1°), while an artificial star 
variable by means of a diaphragm, 
or otherwise, has also been pro- 
posed (27). 

The instrument described on pp. 
398-9, for measuring the absorption of 
the atmosphere, may clearly be used 
for stellar photometry. It has the 
great advantage that by the employ- 
ment of the Maxwellian view the 
photometric comparison is made 
between extended surfaces instead of 
point images. 

The Meridian Photometer. — A 
polarisation photometer essentially 
different from the Zollner instrument 
is the meridian photometer of E. C. 
Pickering, shown in Fig. 283 (18). 
This consists essentially of a tele- 
scope with a double objective and a 
single eyepiece. The telescope is 
placed horizontally in the east-west 
direction, and each objective is fur- 
nished with a mirror or 45° reflect- 
ing prism which can be rotated 


Objeetive 


Eyepuece 


Fra. 282.—Modification of the 
Zollner Photometer. 


about the instrument axis so that the images of any two stars on 


or near the meridian can be compared. 


In practice the scale of 
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magnitude is based on the mean values assigned to a large 
number of circumpolar stars, so that periodic variations are 
eliminated (19). In the first form of the instrument the beams of 
light from the two objectives O, O’ both pass through the same 
double-image prism K, which, consisting of a wedge of quartz or of 
Iceland spar cemented to a glass wedge, is approximately achromatic 


Fic. 283.—The Meridian Photometer. 


for a mean value of separation of the images. The position of this 
prism in the telescope is adjusted for each experiment, and is such 
that the extraordinary image of one of the stars to be compared is 
brought close to the “‘ ordinary ” image of the other, the two remain- 
ing images being stopped off. In a later form of the instrument (?°) 
each beam of light passes through a separate achromatic prism, and 
the positions of these two prisms are so adjusted for each experiment 
that the two required images in the double-image prism are side by 
side when the latter is kept fixed at a point just within the common 
focus of the objectives. In both instruments a rotatable Nicol V 
in front of the eyepiece gives, by the angle of rotation necessary to 
produce equality, the relative intensities of the images (see p. 30). 
Each observation must be repeated with the position of the star 
images reversed in the field. This is necessary, owing to the fact 
that the retina is not equally sensitive all over, so that there is 
generally a tendency to over-estimate the magnitude of the lower 
stars in any field. This error may amount to several tenths of a 
magnitude (74), but when it has been eliminated by reversal the 
visual method, using a good instrument, is capable of an accuracy of 
at least 0-1 magnitude for neighbouring stars. Varying atmospheric 
conditions prevent a similar accuracy when the stars to be compared 
are widely separated. Sometimes an artificial star is used for the 
comparison in this case (?”). 

The Wedge Photometer.—The third type of stellar photometer 
depending on visual methods is the wedge photometer, described by 
de Maistre and extensively employed by Pritchard (*)._ The principle 
of extinction had been used in conjunction with variable diaphragms 
or sector discs used over the objective (24), but the accuracy attain- 
able in this way was not great, partly owing to errors due to diffrac- 
tion when the aperture was small (75). Pritchard used a wedge of 
neutral glass, which was placed in the path of the rays, forming a 
star image in a telescope. The wedge was moved across until ‘the 
image just disappeared, and the ratio of the magnitudes of any two 
stars could readily be found from the distance between the positions 
of the wedge at which disappearance took place. For if @ be the 
angle of the wedge, and d the distance between the positions for stars 
whose intensities are J, and J,, then I,/T, = e-9# 0° where & is 
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the absorption factor of the material of the wedge (see p. 116). Hence 
~M, — Mz = pad tan 6, where p is the modulus of common logarithms. 

A movable double wedge of the form shown in Fig. 106 (p. 179) is 
preferable to the single wedge (26). The wedge may be calibrated 
directly by comparing the results obtained by its use with those 
obtained by an objective diaphragm or any other device for producing 
a diminution of light intensity in a star image (27). 

It is clear that the readings obtained on any single occasion with 
this photometer, as with every photometer based on visual acuity, 
will depend to a certain extent on the state of the observer’s eye and 
its recent history, as well as on other circumstances of the experiment, 
even assuming the use of an artificial pupil. The effect of removing 
the eye from the instrument in order to read the scale on the wedge 
is appreciable, and this has been avoided by the provision of a 
device for automatically recording the position of the wedge by the 
depression of a lever, the eye remaining in position at the eyepiece (28). 

The Purkyné effect (see p. 65) still remains, however, and since 
stars compared may differ considerably in colour, it is clear that an 
error of considerable magnitude may be introduced by this effect, 
and this has been found actually to be the case (29). 

Photographic Methods.—Although a vast amount of useful work 
in stellar photometry has been done by visual methods (2°), it will 
be clear from the brief account given above that there are special 
features in this particular problem of photometry which make 
physical methods more promising for accurate work if these are 
carefully developed with due regard to the necessity for bringing the 
results obtained by purely physical means into agreement with those 
which would be obtained visually. 

Of the physical methods available, radiometric methods seem to 
be the least promising, on account of the exceedingly small amount 
of radiant energy available (31). Selenium bridges have been used 
to a small extent (32), but the principal work in this branch of stellar 
photometry has been by methods depending on photography and on 
the use of photo-electric cells, and these will be described briefly in 
what follows. 

It has already been pointed out in Chapter XI. (p. 332) that a 
photographic plate possesses the great advantage of being able to 
perform a time integration of the light reaching it. Unfortunately, 
however, length of exposure and increase of intensity are not exactly 
equivalent in producing blackening of a photographic plate, and 
the connection is found to be different for different types of plates 
(see note (76), p. 338). The relation may, however, be determined 
for any given plate by subsidiary experiment (?*). Two methods are 
in general use for stellar photometry by photographic methods. In 
the first of these an image of the star to be measured is focussed on 
the plate. The magnitude may then be determined from a measure- 
ment of either the intensity or the diameter of the image, for, owing 
to slight imperfections in the optical system of the telescope, the 
image of a star is not a mathematical point, but a disc, which more or 
less rapidly decreases in intensity from the centre outwards. It 
follows that increase in either the brightness of the star or the time 
of exposure will cause an enlargement of the area, over which per- 
ceptible darkening takes place. From what has been said concerning 
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the effect of exposure on blackening, it naturally follows that the law 
connecting diameter with exposure is dependent on the particular 
plate used. Various empirical formule have been proposed at 
different times (24), the most used being, probably, the Greenwich 
formula m= a—nVd where a and n are constants (°°). The 
formula, m = B/(d + C), B and C being obtained independently 
for every plate and exposure by comparison with visual magni- 
tudes (36), is useful as a means of comparison of stars photographed 
at the same time on any one plate. The magnitude of an 
undetermined star may thus be found by comparison with reference 
stars photographed on the same plate (*7), the magnitudes of these 
reference stars having previously been determined visually (**). 

It is to be noticed that the values of the constants in any formula 
which may be employed are liable to vary with the colour of the light 
from the star photographed, since it has been found that the photo- 
graphic plate shows an effect which is analogous to the visual 
Purkyné effect (9). 

The Grating Method.—A scale of magnitudes may be formed from 
one star at a single exposure by placing over the objective of the 
telescope a coarse diffraction grating (see p. 25) formed of wires 
spaced at equal intervals. The effect of such a grating is to convert 
each star image into a line of separate images of gradually diminishing 
brightness. If the thickness of the wires be ¢ and the breadth of the 
spaces between them s, the distance apart of the images is f/v(¢ + s), 
where f is the focal length of the telescope objective and v the wave- 
number of the light. Further, it can be shown (4°) that the ratio of 
the brightness of the nth diffraction image to the brightness of the 
central undiffracted image is {nsz/(s + t)\*/sin® {nsz/(s + t)}, and 
thus, from a knowledge of s and f, the relative magnitudes of the 
series of diffraction images is accurately known. If, then, two stars 
be photographed side by side on the same plate in this manner, their 
magnitudes may readily be compared by determining between which 
pair of diffraction images of the brighter star the central image of the 
lesser star appears to fall in order of density. 

There are several considerations which limit the application of 
this method in any particular case. It is clearly necessary that the 
diffraction images should be distinct from one another, and, as the 
formula for their separation shows, an upper limit is thus set to 
(¢ +- s) for any given value of f and v. On the other hand, it is seen 
from the same formula that, since the light forming the image is not 
monochromatic, each diffraction image will be spread out into a 
spectrum to an extent depending on (i.) the frequency range of the 
light, and (ii.) the value of f/(t-+ s). Hence it is desirable that 
(¢ +- 8) should approach as closely as possible to the permissible 
maximum. The value of (s + ¢) may therefore be regarded as fixed 
within a very narrow range. The respective values of s and ¢ must 
be determined by a compromise, for, on the one hand, the absolute 
brightness of the images naturally increases with s, so that ¢ must 
not be too great if the loss of light is not to be excessive, while, on 
the other hand, the formula for the brightness ratio shows that 
increase of s produces a rapid increase of ratio, so that the scale 
becomes too coarse and the number of images too small (44). 

Comparison of Densities.—The relative magnitudes of two stars 
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may be estimated by comparing the densities of their photographic 
- Images instead of the diameters of these images. For this purpose 
the image of one star may be compared with a series of images of 
another star obtained with gradually increasing exposures. The 
comparison may conveniently be carried out with a duplex micro- 
scope in which, by means of two widely-separated objectives with a 
common eyepiece, the images of two objects may be viewed side by 
side for purposes of comparison (42), 

More accurate results can be obtained, when the light available 
is sufficient, by using images which are considerably out of focus, so 
that they no longer vary appreciably in size, but only in density (4%). 
The density measurement is readily made by some form of micro- 
photometer (see pp. 393 et seq.) or otherwise (#4). One of the chief 
sources of error in this method is sky fog, the effect of which is 
naturally greatest for the lesser magnitude stars (4). A visual 
method depending on the use of an out-of-focus image has also been 
described (#6). 

It will be obvious that the results obtained by any photographic 
method will not agree with those found visually if the stars being 
compared differ in colour (#”). To overcome this difficulty the 
so-called ‘‘ photo-visual ’’ method is used, in which a colour filter is 
interposed in the path of the 
light, the transmission curve 
of this filter being such that, 
for the particular kind of 
photographic plate used (iso- 
chromatic) the sensitivity 
curve of the combination 
approximates to that of the 
eye (48). A comparison of the 
results obtained by this 
method with those obtained. 
with an ordinary plate gives 
useful information concerning Battery 
the colours of the fainter 
stars (4°). 

The Photo-electric Method. 
—The most recent develop- 
ment in stellar photometry 
has been the increasing use of 
the photo-electric cell (see 
p: 325): ‘Since the cell 
measures the total energy 
incident on it, and not the 
iumination, an out-of-focus 
image may be used, and its 
size is without influence on 
the result, so that the per- 
fection of the optical per- 
formance of the telescope 1S Fig. 284.—Photo-electric Stellar Photometry. 
unimportant. A convenient . 
arrangement for the apparatus is shown diagrammatically in 
Fig. 284 (°°). AA is the ocular end of the telescope, the image 
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of the star under observation being formed within a small aperture 
in the diaphragm BB, so that the energy from this star alone reaches 
the cell. The reflecting prism C and auxiliary telescope D are 
provided for the purpose of positioning the image at B. C is swung 
out to the side when a measurement is made, and the light passes 
on to the photo-electric cell M, which is enclosed in a light-tight 
box KK open only at H, where a glass filter may be placed. The 
electrometer W, which is used for the measurements, is attached to 
K by a Cardan suspension, which allows it always to remain vertical 
as the telescope moves round, or if a string galvanometer be used 
it may preferably be attached rigidly to the case containing the 
photo-electric cell (*1)._ The cell may be of any ordinary type, such 
as those described in Chapter XI. of this book. It is desirable to use 
a colour filter in order to bring the sensitivity curve of the cell into 
approximate coincidence with that of the eye. With due precautions 
an accuracy approaching 0-01 mag. can be obtained (57), as compared 
with 0-04 mag. with a polarising photometer (*?), or by the photo- 
graphic method (**). 

A particularly valuable application of the photo-electric cell to 
stellar photometry is in the study of variable stars (%°). 

Other Problems.—In addition to the determination of stellar 
magnitudes, there are various problems of celestial photometry 
which it is impossible to do more than mention here. Such are the 
measurement of brightness of different parts of the sun’s disc (*®) 
and of the corona (°’), the brightness of nebule (°’), the general 
brightness of the night sky (°°), and the brightness of the sky in the 
neighbourhood of the sun (°°). 

The spectrophotometry of celestial bodies is also a subject of 
great and growing importance in astrophysics (®!), A simple measure 
of the colours of stars may be made by finding their relative magni- 
tudes at different parts of the spectrum, using a visual method and 
inserting coloured media in the eyepiece of the telescope (*). 
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CHAPTER XVI 
THE PHOTOMETRIC LABORATORY 


THE object of the present chapter is to give a brief description 
of the accommodation required for a small photometric laboratory, 
and of the more important auxiliary apparatus needed for use in 
the different branches of photometric measurement dealt with in the 
foregoing chapters. It will be assumed that the laboratory is to be 
equipped for the following work: (i.) The measurement of candle- 
power in a single direction, and of the total flux given by a source 
of light of any kind ordinarily met with in practice ; (ii.) the determi- 
nation of candle-power distribution in the horizontal and vertical 
planes for any source or for any lighting fitting, shade, reflector, 
etc.; (ii.) the measurement of illumination and the calibration of 
illumination photometers; (iv.) the spectrophotometry of light 
sources and the measurement of spectral transmission or reflection 
curves of coloured media; (v.) physical photometry; (vi.) the 
life-testing of electric incandescent lamps or of gas burners and 
mantles; (vii.) the determination of candle-power distribution 
from projection apparatus. In many laboratories, no doubt, one 
or more of the branches of work enumerated above need not be 
considered, and it will frequently be found impossible to provide the 
full accommodation or the whole of the apparatus mentioned below. 
The following description is intended mainly to serve as a guide by 
which the actual requirements in any particular laboratory can be 
approximately estimated with due regard to the special circumstances 
of each individual case (+). 

In considering the general design of the building it should be 
remembered that it is generally undesirable, if not impossible, to 
carry on two sets of photometric measurements simultaneously in 
one room owing to the general necessity in photometric work for 
avoiding the presence of any lights in the room other than those 
actually being compared. It follows, therefore, that a number of 
small rooms must be provided if much time is not to be lost. A very 
convenient size for a small photometer room is about 20 by 24 feet, 
as such a room will comfortably accommodate a 5-metre bench in 
addition to the necessary tables, desk, etc. At the same time it is 
very desirable to have one room at least 100 feet long for the measure- 
ment of sources of high candle-power and polar curve determinations. 

Power Supply.—Before the different rooms are described in 
further detail, the general electrical supply for the laboratory must 
be considered, since this affects with almost equal importance every 
branch of photometric work. 

For work of precision, such as candle-power measurement to an 
accuracy within 1 per cent., the supply voltage must be absolutely 
steady, and nothing but a storage battery or batteries can be used. 


Other things being equal, two batteries of 100 amp.-hrs. capacity 
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each are more convenient than one of 200 amp.-hrs., unless lamps 
taking over 5 amps. are likely to be worked with frequently. 
The highest potential available should be at least 300 volts, since 
240-volt lamps are common and it is often necessary to measure 
these at an excess voltage of 10 to 15 per cent. The method of 
splitting up the battery into sections is very important. Since 
two workers using the same battery must necessarily tend to affect 
each other, the voltage in one room rising, perhaps, 0-1 per cent. 
when the circuit in another room is switched off, it is a convenience 
to have the battery so split that, if only 100 to 120 volts are required 
in each of two rooms, the circuits in these rooms can be run off two 
separate portions of the battery. In addition to this, it is very 
convenient in measuring low-voltage lamps taking a large current 
to be able to use a few cells from the battery instead of having to 
absorb a large amount of energy in resistances. For these reasons it 
is generally found convenient to divide a 300-volt battery into, say, 
five sections of thirty cells each, and then to subdivide the two 
end sections still further. If a 100-volt supply be used for charging 
the battery, the 60-volt sections can be connected in parallel for 
charging purposes. A convenient scheme of sub-division is that 
indicated in Fig. 285, which also shows the method of distribution 
to different rooms in the 
laboratory. It will be seen 
that, by means of the 
flexible connectors joining 
the battery bus-bars to 
the plugs connected with 
the terminal boards in the 


different rooms, any desired 
potential may be obtained 
é in any room in the 

3 ee building. 
13 3 = 180 ; A special room, isolated 
5 4 a 200 ' as completely as possible 
z 2 ae | from the rest of the 
7 x nearer 270 laboratory, should be pro- 
eS se Sa ae vided for the storage bat- 
Sar EA teries, while generators 
sally =e a should be located as far 
ee a => as possible from rooms in 
— _ = which it may be necessary 
to use sensitive galvano- 

Fig. 285.—The Battery Distribution Board. meters. 


It may be mentioned 
in passing that, in order to avoid interference between two circuits 
run off the same battery, when either or both have to be switched on 
and off frequently (as in measuring a number of lamps in succession), 
it is customary to use a “* dummy ” or “‘ balance” cireuit method, that 
is to say, when a circuit is switched off, an artificial load, consisting of 
one or more electric lamps in parallel, is put on the battery at the 
same instant by means of a two-way switch, as shown in Fig. 286. If 
the current taken by the balance circuit is nearly equal to that taken 
in the test circuit, no disturbance of the battery voltage.is caused. 


ae 
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__ The Photometer Room.—As all photometric work must depend 
ultimately on the measurement of candle-power by means of com- 
parison with sub-standards on the photometer bench, the room or 
rooms in which this work is carried out may be regarded as the basis 
of the photometric laboratory. The bench room, as it may be called, 
1s conveniently of the size mentioned above. It contains a bench 
mounted on rigid supports, so that the eyepiece of the photometer 


Change~over Switch 


Ballast Lamps 


Supply 


Fiq. 286.—The Balance Circuit. 


head is at a convenient height for an observer when seated. It also 
contains (i.) a table, upon which may be placed the lamps and 


- fittings to be tested, small pieces of apparatus in current use, etc., 


(ii.) a desk for the use of the observers, (iii.) special cupboards for 
storing the sub-standards, working standards and comparison 
lamps, (iv.) an ordinary cupboard for storing small apparatus, 
(v.) a table or bench to accommodate the potentiometer and other 
apparatus for the precise control of the electric lamps, and (vi.) a 
table for the auxiliary apparatus required in the photometry of gas 
lamps. The bench room should be provided with a set of fixed 
sector discs accurately calibrated as described in Chapter VI. (see 
Dials) 

The main lighting of the room should be controlled from a point 
near the bench as well as from the door. The electrical measuring 
instruments and the scale on the bench (Fig. 76, p. 149) should have 
separate individual lighting by low candle-power lamps completely 
shaded from the observer’s eyes (7). When the general lighting is 
not in use no surface in the room should have a greater brightness 
than the photometer field. It has been said already that the larger 
part of the errors made in photometry are due to stray light reaching 
the photometer head. Although the screening system described on 
p. 170 should be sufficient to avoid any possible error from this cause, 
the custom of painting the walls and ceiling of a bench room a dead 
black is one to be recommended (*). The room should, for hygienic 
reasons, have an adequate number of windows, and these should be 
provided with internal shutters blackened on the inside so that the 
daylight can be completely excluded when measurements are in 
progress. It is convenient to have a vestibule to all doors leading to 
rooms in which much photometric work is carried out (‘). 

The Electrical Equipment.—Much of the work in an ordinary 
photometric laboratory is concerned with electric lamps, and, as 


438 PHOTOMETRY 


already stated in Chapter VI., the most convenient sub-standards 
and comparison lamps used in modern photometry are electrical. It 
follows that two very important parts of the installation in the 
bench-room are the means provided for the ready connection of 
lamps on the bench to a source of electric supply, and the apparatus 
used for the adjustment and accurate measurement of potential and 
current. 

Since for a tungsten lamp the candle-power varies at about 
3-7 times the rate of the potential, while the potential varies nearly 
twice as much as the current owing to the high positive temperature 
coefficient of resistance of tungsten (°), it follows that the electrical 
measurements should be to an accuracy of at least 0-1 per cent. 
in ordinary work, and 0-02 per cent. in standardisation. The best 
form of indicating instrument is sufficient in the former case, but in 
the latter a potentiometer method of measurement must be used (°). 
Either potential or current may be used as the basis for photometric 
work. The latter possesses the advantage that the current measured 
must necessarily be that actually passing through the lamp filament, 
so that potential drop at the lamp terminals or in the leads may be 
ignored. On the other hand, potential measurement is, as stated 


above, nearly twice as sensitive, and if care be taken to avoid bad ~ 


contact and, by means of a separate pair of leads, to measure as close 
as possible to the lamp terminals, the 
errors due to voltage drop can be 
eliminated. 

A convenient form of); bayonet 
Jamp holder, in which provision is 
made for measuring potential at the 
lamp contacts, is that shown in sec- 
tion in Fig. 287, which is self-explana- 
tory. Similar holders for serew-capped 
lamps are also required (*). If the two 
pairs of leads be each terminated in a 
small ebonite holder such as that 
shown in Fig. 288, connection to the 
terminal board fixed on the photo- 
meter bench (Z' in Fig. 75) is quick 
and easy (8). In the case of sub-stan- 
dards mounted specially as described 
on p. 137, the potential is measured 
h across the ends of permanent leads 

Fie. 287.—The Standard Lamp which are soldered to the lamp con- 

Socket. tacts. The leads are then connected 

to either pair of terminals on the 

terminal board, and the corresponding members of each pair on the 
board are connected by means of short horizontal copper strips. 

The method of control by potential will be described here, but it 


Potential 
Leads. 


' will be seen that the same circuit, with the omission of the auxiliary 


pair of potential measuring leads, is equally suitable when current 
control is employed (°). The system of electrical connections is 
shown in Fig. 289. Two or more pairs of leads are brought from the 
battery distribution board to a terminal board in the bench room, 
One of these circuits is connected through a regulating resistance R, 
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and a switch S, to the pair of terminals marked “‘ Lame” on the 


‘small ebonite terminal board fixed to the left-hand end of the 


ero 


bench (see Fig. 75). From this pair of terminals the lamp on the 
left of the photometer is fed directly. The potential across its 
contacts is measured by means of the auxiliary leads, which, by 
way of the other pair of terminals, marked ‘“ Votts,” are 


Fia. 288.—The Terminal Board on the Photometer Bench. 


connected through a change-over switch S, to the ends of a constant 
high resistance F#,, generally 10,000 ohms. This resistance has 
tapping-off points at 100 and 1,000 ohms, so that either one- 
hundredth or one-tenth of the potential across the lamp contacts 
may be measured by means of the potentiometer P, using a Weston 
cell W as the standard of potential, and a galvanometer G. For the 
purpose of current measurement the small resistance R, is included 
in the circuit supplying the lamp. The value of this resistance is 
1 or 0-1 ohm, according to the magnitude of the current to be 
measured, and its value should be accurate to at least 1 part in 10,000 
for precision work. By measuring the potential H, across this 
resistance the current in the lamp circuit is known, being H,/R,. 
Allowance must, however, be made for the small current which is 
flowing in the potential circuit, for this circuit contains the resistance 
R;, so that from the measured current must be subtracted the 
current through Fz, viz., H,/R3, where EH, is the measured potential 
across the lamp terminals. 

The electrical connections to the lamp L, on the right of the 
photometer may be made in an exactly similar way, but it is generally 
more convenient to use the same potentiometer for both lamps, and 
this is achieved by using a double-pole change-over switch at S,. 
A separate battery or other source of supply is preferable, but the 
same source as that supplying L, may be used. 

In the substitution method of photometry, which is the one most 
frequently employed in accurate work (see p. 161) the lamp ZL, has 
to be maintained at a constant candle-power, and therefore at a 
constant potential, throughout a series of photometric measurements. 
Its potential is adjusted at the beginning of the series and checked at 
intervals during the course of the work. If, however, the source of 
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supply is at all liable to variation owing to either the fall of potential 
of a freshly-charged battery, variation in external load, or even the 
variation of current due to change of the lamp L, when the same 
battery is being used for L, and L,, then it is unsafe to assume 


Volt Ratio Resistance 


Potentiometer 
Fic. 289.—The Electrical Connections to the Photometer Bench. 
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constancy of potential on L,, even over short periods of time, and 
an electrostatic voltmeter is used for keeping a watch on the 
potential in the intervals between the check measurements with the 
potentiometer. It is unsafe to rely on this instrument for very long 
periods, however, owing to creep in the suspension, so that check 


—_ 
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measurements should be made at intervals of not more than twenty 


‘minutes to half an hour. 


The voltmeter should be shunted with a high balancing resistance 
#4, which is equal to Rs, and which can be open-circuited when the 
check measurements are being made. By this means the current in 
the potential circuit of LZ, is maintained at the same value whether 
the potentiometer be connected to it or not. The Kelvin electro- 
static voltmeter may conveniently have a circular scale of about 
10 feet radius, on which 1 volt is represented by about 2 inches in the 
100-volt region (1°), 

It will be clear that the difficulties met with in making the 
electrical measurements necessary in photometry are, in the main, 
those met with in all kinds of precision electrical work. Faulty 
insulation, often due to surface leakage over exposed ebonite parts, 
or over wood, may be a source of considerable trouble and can only 
be cured by thorough cleaning, although such expedients as immer- 
sion in paraffin wax may prove efficacious. Loose contacts manifest 
themselves by unsteadiness of indication on the measuring instru- 
ments. It may, perhaps, be mentioned here that some electric lamps 
develop an inherent unsteadiness due to uncertainty of contact 
between the filament and the leading-in wires (see p. 138). This 
may be detected by gently tapping the lamp while alight, the 
galvanometer key on the potentiometer being held down con- 
tinuously. If the lamp be unsteady the spot will be jerked to one 
side or the other at every tap. 

In laboratories where the accuracy aimed at is not so high, or 
where it is impossible for some reason or another to adopt the 
methods of electrical supply and measurement described above, 
considerable simplifications may be made in the arrangements of 
the photometer room. Indicating instruments of the laboratory 
standard type with large scales may, with suitable precautions, be 
used in place of the potentiometer and Kelvin voltmeter (11), but 
even in the most approximate photometry the electricity supply 
from the public service mains is too unsteady for use in the ordinary 
way. If, however, two electric lamps of the same type are being 
compared, so that the candle-power/voltage characteristics are the 
same on both sides of the photometer, the two lamps may be put 
in parallel on the outside supply (17), and if the voltages be adjusted 
so that both are correct at any instant, the photometric comparison 
will remain valid to a reasonable degree of accuracy in spite of 
fluctuations of voltage during the course of the observations (1%). 
Tungsten vacuum lamps may be compared in this way quite satis- 
factorily, and tungsten vacuum lamps may be compared with gas- 
filled lamps if the voltage changes do not exceed 1 or 2 per cent. 
Tungsten filament and carbon filament lamps, however, cannot be 
so compared, since the exponent m in the voltage-c.p. relationship 
I =aV" is approximately 3:6 for tungsten and 5 to 6 for carbon 
lamps (see App. X., p. 481). 

When flame sources are being measured the above procedure 
cannot be followed, and either a flame standard such as the pentane 
or Hefner lamp must be used (see pp. 127, 129), or some automatic 
device for regulating the voltage on an electric sub-standard may 
be employed. Such a device is that shown in Fig. 290. It consists 
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of an unbalanced Wheatstone bridge, of which the opposite arms 
AC, BD are of tungsten lamps in parallel, while BC and AD are 
constant resistances. A rise of voltage across AB produces an 
increase in the current flowing through the lamp arms of the bridge, 
and this, owing to the positive temperature coefficient of resistance 
of tungsten, causes an increase in the resistance of AC and BD 
which, if the relative resistances of the arms be properly proportioned, 


c 


Fic. 290.—The Automatic Voltage Regulator. 


is sufficient to maintain the potential across CD at its original value. 
It follows that a sub-standard lamp may be placed in circuit across 
CD as shown, and will not be affected by fluctuations of the supply 
voltage across AB. It has been shown (#4) that with 240 volts 
across AB the resistances of the arms AC and BD should be 90 ohms, 
and of BC and DA 120 ohms, in order to maintain a constant potential 
of 68 volts across CD when the current in this circuit is 0-2 amp. 
The regulation is then within 0-1 per cent. voltage for a variation 
across AB of 5 per cent. 

When flame standards are used for the measurement of flame 
sources, it is frequently assumed that the effect of changes of 
barometric pressure and humidity are the same for the lamp being 
measured as for the standard. Though the corrections for these 
conditions are in the same direction for all flames, and they are 
generally of the same order of magnitude (not more than twice as 
great) for an open gas flame as for a pentane lamp (!5), the same 
assumption cannot always be made in the case of mantle flames, in 
which the conditions governing the luminous efficiency are altogether 
different (1°). For this reason a mantle lamp is often used as a 
comparison lamp in gas photometry (see p. 140). 

If indicating instruments be used in place of the potentiometer, 
they may be connected in either of the two ways shown in Fig. 291. 
In the first arrangement the voltmeter V is placed in parallel with 
the lamp, and the current taken by it must therefore be deducted 
from the current indicated by the ammeter A in order to obtain the 
true lamp current. In the second arrangement the voltmeter 
measures the potential drop across both ammeter and lamp, so that 
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_the potential drop in the ammeter must be subtracted from the 
indication of V in order to obtain the true voltage applied at the 
lamp terminals (17). Lf the switch changing from the test lamp to 
the balance lamps (see p. 436) be on . 
the lamp side of the indicating instru- 
ments, the latter are always used 
with the coils heated to the same 
temperature. 

It should be noted that all elec- 
trical indicating instruments require 
checking at frequent intervals by 
means of a potentiometer. 

The Gas Equipment.—For the 
purpose of testing gas lamps the 
bench room should be provided with 
an adequate gas supply by .means 
of pipes of large bore (24 inches at 
least) running round three sides of 


Lamp 


the room and having a large number Supply Sissi 
of outlets, so that the necessity for 1g. 291.—Alternative Arrangements 
using long flexible connection pipes of Measuring Instruments. 


may be avoided. It is a great con- 

venience, and a necessity if accurate work is to be undertaken, 
to have a second supply system fed from a compensated stan- 
-dard gas holder of, say, 5 cubic feet capacity, situated in the 
neighbourhood of the bench room. This may be filled before a test 
is commenced, and its use will ensure that the quality of the gas 
used does not vary during a set of measurements. Further, it 
enables pressures in excess of the normal supply pressure to be 
obtained when required. For work on high-pressure gas a small gas 
compressor is required. 

The measuring apparatus required in gas photometry includes 
(a) a consumption meter, (b) a pressure regulator, (c) a pressure 
gauge, (d) a calorimeter, and (e) apparatus for determining the 
atmospheric conditions, viz., pressure, temperature and humidity (1%). 

The consumption meter used may be of any standard form. ‘Two 
meters are generally needed, one for single burners, where the 
consumption lies between 3 and 7 cubic feet per hour, the other for 
the higher consumptions which have to be measured when cluster 
burners are tested. A Gas Referees’ +4, cubic foot measure (1°) or a 
5-foot meter prover should also be available for checking the con- 
sumption meters periodically. If high-pressure gas be used, a special 
meter designed to give accurate readings of consumption at the 
pressure in question must also be provided. 

The pressure of the gas should be regulated both before and 
after it passes through the meter.* Any ordinary form of regulator 
may be used for this purpose. The pressure gauge may consist of 
a simple U-tube containing water or, if high-pressure gas is being 
used, mercury. It should be placed between the second pressure 
regulator and the burner, so that the pressure measured is that 
actually provided at the burner inlet. This is important, since in 


* This does not apply in measuring calorific value. 
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mantle lamps the change of candle-power is about 2 per cent. 
per tenth of an inch of water, assuming a normal pressure of 
2-5 inches (2°). In the case of high-pressure burners the variation 
of candle-power is about 1} per cent. for every inch of pressure 
variation from an assumed mean of 50 inches of water (*). 

A very important factor in the photometry of incandescent gas 
burners is the calorific value of the gas used, for it has been found 
that the candle-power of a mantle increases by about 1 per cent. 
for every 1 to 2 per cent. increase in calorific value (#). It is there- 
fore necessary to measure the gas with a calorimeter every time 
photometric measurements are made, since the calorific value may 
vary by several per cent. from time to time. The type of calorimeter 
generally used is the Junkers (?*) or that designed by C. V. Boys (**). 
The latter is described in the Notification of the Metropolitan Gas 
Referees for 1923, and is shown in section in Fig. 292. It consists 

of a base holding a double 
i i burner, at which the gas 
to be measured is burnt 
at the rate of 4 to 5 cubic 
feet per hour. A steady 
flow of water passes 
through the coiled copper 
pipe P, P, and the inlet 
and outlet temperatures 
T, and J, are measured 
when a steady state has 
been reached. If the 
quantities of water and 
gas entering the calori- 
meter in a given time be 
respectively W litres and 
G cubic feet, the gross 
calorific value of the 
gas (>) is 1,000(7, — T) 
W/G@ calories per cubic 
foot, 7, and TJ, being 
Gas measured in degrees Cen- 
tigrade. This figure is 
converted to British Ther- 
Fra. 292.—The Boys’ Calorimeter. mal Units per cubic foot 
by multiplying by the con- 
stant 0:003968. Small correction factors are applied for (a) differ- 
ence between the room temperature and the temperature of the air 
and products of combustion leaving the calorimeter, and (b) the 
barometric pressure and room temperature. The method of making 
these corrections and the procedure to be followed in carrying out 
a test are described in the Notification of the Metropolitan Gas 
Xeferees for 1906. 

The calorimeter may be calibrated from time to time by using 
hydrogen instead of coal gas. The gross calorific value of hydrogen 
is 344 B.Th.U. per cubic foot. To obtain the net calorific value, the 
heat evolved in the condensation of the water vapour formed in 
combustion must be subtracted from the total heat calculated as 
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above. The water condensed in any given time (t,) is collected at 
the tap F, and its weight in grams (?.e., volume in c.c.) multiplied 


Cet Meter 
Fie. 293.—The Control Apparatus in Gas Testing. 


by 620 (the approximate heat 
of condensation from vapour 
at 100° to liquid at room tem- 
perature) gives the amount of 
heat (C) evolved in condensa- 
tion during that time. If the 
time of flow used in the 
measurement of the gross 
calorific value be ¢,, the net 
value is given by 

{1,000(7, — 1,)W — t,C/t,\/G 
calories per cubic foot. 

The general arrangement 
of the auxiliary apparatus may 
be as shown diagrammatically 
in Fig. 293. O is the gas out- 
let from the feed pipes, C is 
the consumption meter, P, and 
P, the pressure regulators, and 
M the manometer or pressure 
gauge, L being the burner. A 
barometer and thermometer 
for recording the air pressure 
and temperature are required, 
as well as a hygrometer for 
measuring the humidity. The 
type generally employed for 
this work is some form of ven- 
tilated instrument, such as the 
Assmann type, shown in sec- 
tion. in Hig. 294 (2*)" By 
means of the clockwork-driven 
fan F, air is drawn at a con- 


Air 
Outlet ~<~— = 
J cms 
Dery Ik ~ Wet 
Bulb Bulb 
Air Inlets 
Fig. 294.—The Assmann Hygrometer. 


stant rate over the wet-bulb thermometer 7',. The readings of both 
thermometers are taken and the humidity is then found from tables 
given in the Smithsonian Meteorological Tables and elsewhere (?’). 


PHOTOMETRY 

Special Room for Photometry of Flame Sources.—If much work 
on the candle-power of flame sources be contemplated, the laboratory 
should contain a special bench room, in which adequate ventilation 
can be secured (28) in combination with an equable temperature, 
freedom from draughts and, as far as possible, constant humidity 
(see p. 130). The size recommended above for a bench room should 
be regarded as the minimum admissible for work on flame sources, 
the height of the ceiling being at least 12 feet. The room should be 
enclosed in a second “ jacketing ’’ room from which a steady supply 
of pure and warm air can be obtained by means of suitable light-tight 
openings (2°). These openings should have a total area of not less 
than 20 square feet, distributed among at least 50 openings more or 
less evenly spaced around the room. 

Sub-standards.—The standards of candle-power used in the 
bench room and elsewhere in the laboratory should be lamps of 
special construction, as described on p. 137, whose candle-powers 
have been determined at a standardising laboratory. They should 
be handled with great care and should be stored in the bench-room 
in a cupboard specially fitted with shelves as shown in Fig. 295. 

The upper surface of the shelf at 4, 

where the cap of the lamp rests, should 

have a washer of rubber or felt to 

actt Ring = prevent jarring when the lamp is put 

aoa away. The lamps should always be 

Shelf stored in their normal burning position, 

i.e., upright in the case of the type of 

sub-standard described in Chapter V. 

The candle-power value assigned to 

each lamp is generally accurate to 

about one-quarter of 1 per cent. It 

should be marked on a small label tied 

to the flexible lead attached to the 

lamp (°°). This label should also show 

Fie. 295.—Section of Shelf for __(t-) the correct voltage of the lamp, (ii-) 

Storing Standard Lamps. the distance from the photometer 

; screen in millimetres at which the lamp 

gives an illumination of exactly 10 metre-candles, (iii.) the current 

taken by the lamp, and (iv.) the date on which the lamp was last 
standardised. 

It may be assumed that a tungsten filament vacuum standard 
lamp will fall in candle-power at a rate not exceeding 5 per cent. 
per 100 hours of actual burning, 7.e., if used regularly for five minutes 
per day, its candle-power will decrease at a rate of about 1 per cent. 
per annum, The frequency with which it is sent back to the 
standardising laboratory for restandardisation must depend on the 
number of times it is used and the period of use on each occasion ; 
five minutes is probably an under-estimate of the time taken for a 
standardisation by two observers (see p. 165). Where much photo- 
metric work has to be done it is frequently found convenient to 
have several sub-standards and to reserve one or more of these for 
checking the others at intervals of two or three months. Further, 
other lamps may be standardised at the laboratory by comparison 
with the sub-standards issued by the standardising laboratory, and 
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these may be used for all photometric work in which the highest 
“accuracy 1s not required (#1). These lamps may be re-checked at 
frequent intervals so that changes in their candle-power values may 
at once be detected.* 

The current, taken by a sub-standard should be measured on 
every occasion on which it is used for standardisation, and any 
difference greater than about 1 part in 2,000 from the value marked 
on the label should be regarded as an indication of some variation 
in the lamp itself, or else of some defect in the measuring apparatus 
involving, possibly, a slight error in the voltage applied to the lamp. 
The following table shows the results actually obtained over a 
period of ten years in the re-standardisation of a satisfactory tungsten 
filament sub-standard lamp :— 


TyPIcAL PERFORMANCE OF STANDARD LAmp AT 100 VoLts 


Date. OIE Amps. 
February, 1913. : : 14-2, 0-2337 
July, 1916 . : : : 14-1, 0-2338 
May, 1919 . : : : 14-1, 0-2338 
September, 1920 . 2 : 14-0, 0-2337 
July, 1922 . , : : 14-0, 0-2336 


It is hardly necessary to repeat that the candle-power value of 
a lamp may be altered seriously by even a momentary excess voltage 
of more than about 5 per cent. (32). Most standards are somewhat 
under-run, so that a very slight excess voltage applied for a brief 
period generally produces no change of candle-power. It is always 
necessary, however, after any such over-run to measure carefully the 
current taken by the lamp. If this be unchanged, the lamp may 
safely be assumed to have received no harm. If a change of current 
is found, or if the over-running has been at all severe, the lamp should 
be re-standardised before being used again. 

Sub-standards of mean spherical candle-power, for use in photo- 
metric integrators, may conveniently be kept in the sphere room. 
They should be treated in exactly the same way as other sub- 
standards, but if normally used in the pendent position when in the 
sphere, they should be stored in this position. 

Heterochromatic Photometry.—If work involving considerable 
colour differences has to be provided for, one or more of the methods 
of heterochromatic photometry described in Chapter VIII. should 
be chosen as suitable for the particular kind of colour difference to 
be dealt with. If only sources giving black-body distributions at 
various temperatures have to be measured, the provision of a 
set of sub-standards at various efficiencies is probably the most 
direct method. Alternatively, one or two sub-standards may be 


* In some laboratories the sub-standards are adjusted, in use, to a definite value of 
watts instead of a definite voltage. This reduces the effective rate of deterioration of 
candle-power. 
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standardised at a number of different efficiencies. This method, 
however, while economical in lamps, has the great disadvantage that 
the breakage or accidental over-running of a single lamp renders 
useless a number of valuable standardisations. 

When other than black-body distributions have to be compared, 
recourse must be had either to colour filters or to a flicker photometer. 
When gelatine filters are used, they should be stored away from 
daylight, since some of them are bleached by continued exposure 
to strong light. The transmission factors of colour filters should 
always be determined at a standardising laboratory, and each filter 
should be marked indelibly so that there is no risk of confusing it 
with a similar filter which may have a slightly different transmission 
factor. The box containing a filter should show (i.) the distinguishing 
mark of the filter, (ii.) its colour, (iii.) its transmission factor, 
(iv.) the source and, in the case of an electric lamp, efficiency of the 
light with which the filter was standardised, (v.) the date of 
standardisation. 

Illumination Photometers.—The bench room may conveniently 
serve as the permanent home of the illumination photometers used 
in the laboratory. Each photometer should be kept in a separate 
case with its own standard surface, the latter being clearly marked 
with a reference to the particular instrument with which it is used. 
The containing case should bear a sheet giving (i.) the name and 
distinguishing mark of the photometer, (ii.) the correct voltage or 
current for the lamp, (iii.) a list of correction factors or a reference 
to the instrument calibration curve, (iv.) the transmission factors 
of any neutral or coloured filters with which the instrument is fitted, 
(v.) the date on which the lamp in the instrument was first taken into 
use,*(vi.) the date when the instrument was last checked on the 
photometer bench. 

The Sphere Photometer Room.—It is convenient to have a special 
room for measurements of total flux when these are carried out in 
an integrating photometer. A separate bench can then be allotted 
to the work, and the bench and sphere can be kept fixed in relation 
to each other. Further, the wiring of the sphere can be made 
permanent. It is, however, desirable to arrange the wiring so that 
if the sphere be not in use the bench can be used for other work. 
The structural features, such as rails, overhead tackle, efc., necessary 
for enabling the sphere to be moved, or to be opened for periodical 
repainting, must be designed to suit the special circumstances of 
the case (88). The sphere should, if possible, be so arranged that 
(a) the height of the translucent window, which governs the height 
of the photometer head, is convenient for an observer when seated, 
and (b) the lamp in the sphere can be easily and quickly changed 
without any necessity for disturbing the observer at the photometer 
head. Devices to achieve this have been described already in 
Chapter VII., p. 219. % 

Physical Photometry.—The rooms for spectrophotometry and for 
physical photometry require no special mention. In the latter, 
accommodation must be provided for one or more sensitive galvano- 
meters, and the site should be so chosen that there is no trouble due 
to vibration from generators or to stray fields from heavy currents 
carried by cables passing near the room. If photo-electric cells be 
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used, one or more 100-volt batteries of small capacity will be required 
for use in this room alone. 

Spectrophotometry.—For spectrophotometer work a sub-standard 
of spectral distribution is necessary. This may be either a “ black 
body ” of the form described in Chapter V., p. 132, or a sub-standard 
electric glow lamp, of which the spectral energy distribution curve 
at some known voltage and current has been determined by com- 
parison with a black body at the standardising laboratory. 

For calibrating a spectrometer or spectrophotometer it is neces- 
sary to have various discharge tubes and a good induction coil 
(see p. 274). Suitable colour filters for use with the discharge tubes 
may also be required. 

Projection Photometry.—For the photometry of projectors a long 
room is necessary. Many pieces of projection apparatus, such as 
automobile headlights, should be tested at distances of 50 feet or 
more, so that 100 feet by 20 feet is the minimum size for the projector 
room. This should be provided with a white screen at one end, so 

‘that the distribution of light in the beam of a projector may be 
examined visually. It is most important that either the walls, 
ceiling and floor of this room should be kept as dark as possibie, or, 
preferably, large portable screens should be set up at intervals along 
the room so that the standard surface of the photometer cannot 
receive light from anywhere but a small region surrounding the 
source of light under test. These screens should be dimensioned and 
placed so that they act in the same way as the screens used on a 
photometer-bench (see p. 170). 

Unless in frequent use for the photometry of projection apparatus, 
the projector room may conveniently be used also for the measure- 
ment of the polar distribution curves of large sources and fittings by 
means of the mirror apparatus described on p. 197. The candle- 
powers to be measured often cover a very wide range of magnitude, 
even with a single source, so that either a very long bench must be 
employed or, preferably, a shorter (e.g. 3-metre) bench may be 
mounted on a table provided with rollers, so that it can be moved 
bodily along rails laid in the floor for the whole length of the room. 
The table must be provided with a pointer which can be set at any 
one of a number of fixed marks on the rails. These marks are 
generally at intervals of a metre, so that the bench can be placed 
in such a position that the photometer head, when clamped at the 
zero end, is at such a distance from the source that the comparison 
lamp takes up a convenient position on the bench, e.g., between 
1,500 and 2,000 millimetres. 

In this work, again, careful attention must be given to the 
arrangement of screens to give adequate protection from stray light. 
Portable screens are required, too, for (a) covering the mirrors and 
(b) cutting off the direct light from the lamp during the test (see 
p. 199). The electrical measurements, both in the case of projection 
photometry and in the determination of candle-power distribution 
curves, may be made with precision indicating instruments, since 
in neither case can an accuracy better than about 1 per cent. be 
obtained without very elaborate precautions. 

Life Tests of Gas-lamps.—An important branch of the work of a 


photometric laboratory is, frequently, the life testing of lamps, 
P. Qa@a 
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i.e., the measurement of their candle-power at intervals during a 
long period of operation under controlled conditions (*4). In the 
case of gas lamps, these may be set up in rows, a series of lengths 
of 24-inch pipe being arranged side by side, with outlets at convenient 
intervals. The pipes should on no account be placed one above 
another, but should be in a horizontal plane, preferably about 4 feet 
from the floor, with a gangway at least 4 feet wide between pairs, 
so as to facilitate removal of the lamps to the bench room for measure- 
ment. The outlets for upright burners may be placed at intervals 
of about 8 or 9 inches along the pipes. In the case of inverted 
burners, however, the interval should be at least 12 to 15 inches. 
It is convenient to have each burner connected with the pipe by 
means of a well-fitting cone joint, so that lamps can be removed with 
as little mechanical shock as possible. The room used for the life 
tests should be as close as possible to the bench room in which the 
photometric measurements are made. Mica chimneys may be used 
during a life-test run, but naturally the photometric measurements 
should be made with the chimneys normally used with the lamps. 
Each chimney should be cleaned before each measurement, and, 
unless the mean horizontal candle-power be measured, care should 
be taken to ensure that the same part of the chimney and the same 
side of the mantle face the photometer head on the occasion of each 
measurement. Burners should be attended to during a life-test run 
just as they would be in normal use under good conditions, 7.e., dust 
should be blown out and the air and gas regulation adjusted at 
specified intervals. Candle-power measurements are often made 
initially (¢.e., about half an hour after burning off), and at 25, 100, 
300 and every subsequent 200 hours. Frequently no photometric 
measurements are made after 300 hours (°°), as the fall in candle- 
power is generally exceedingly slow after this period of burning, and 
the chief interest of the further test is to determine how long the 
mantle will remain intact. 

The pressure of the gas supplied to the life-test lamps should be 
carefully regulated, and a recording pressure gauge should be attached 
to the supply at some convenient point as near the burner pipes as 
possible. The calorific value of the gas should be measured at least 
once a day during the test. 

Arrangements for the Rapid Measurement of Life-Test Lamps.— 
When the lamps have to be moved to the bench room for making the 
photometric measurements, it is necessary to allow at least twenty 
minutes to elapse after a mantle has been lighted before the candle- 
power is measured (see p. 169). The considerable delay thus caused 
may be avoided by making the measurements in the life-test room. 
The apparatus is shown in plan in Fig. 296. TZ is a table carrying 
a 3-metre photometer bench and moving along the room on rails 
fk, R. Le is a comparison lamp, and P a Lummer-Brodhun photo- 
meter head. ‘The gas burners B,, B,, Bs, etc., are arranged in a 
line parallel to, and at a fixed distance (say, 1,500 mm.) from, the 
ne of travel of the bench zero. Lg is a sub-standard lamp in the 
same straight line with 5,, B,, ete. During the life run the burners 
are supplied from the pipe D, but by means of a three-way tap each 
one in turn can be transferred to pipe H, so that while its candle- 
power is being determined its consumption can also be measured 
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by means of the meter M. The photometric procedure will be clear 
- from the figure, The fixed distance for L, is first determined in the 
ordinary way, with the bench opposite Ls. Several sub-standards 
are used for this determination, as described in Chapter VI. The 


Inlet 


Fic. 296.—Life Test Arrangements for Gas Mantles. 


bench is then moved until it is opposite burner B,, say ; this burner 
is, by means of its three-way tap, transferred to pipe H, and the 
photometric measurement is made as usual. Similarly, b,, Bs, etc., 
are measured in rapid succession. It will be seen that, owing to the 
fact that all the burners are alight, special attention must be paid 
to the screening of the photometer head on both sides. 

The particular arrangement above described may clearly be 
modified in many ways to suit local conditions (*°), but the essential 
feature is that by making the measurements on the mantle i situ not 
only is delay avoided in making of the measurements, but, further, 
there is no risk of damage to the mantle while the burner is being 
transferred from the life-test room to the bench room. 

Life Test of Electric Glow Lamps.—Hlectric lamps have to be 
tested for life on a supply of which the mean voltage is carefully 
regulated to an accuracy of about 0-1 per cent., momentary fluctua- 


tions not exceeding 1 per cent. (°”). They may be run either at a 
Q@@2 
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definite (generally the rated) voltage or at the voltage at which each 


lamp has initially a definite efficiency. In the latter case initial - 


measurements are made on the lamp to determine its candle-power 
and current at various voltages. From the voltage-efficiency curve 
drawn as a result of these measurements the voltage giving the 
desired efficiency is obtained (?°). 

There are two reasons why it is important that life-test lamps 


should be run under carefully controlled conditions as to voltage, | 


and why a test at specified efficiency is of more value than one at 
rated voltage, provided this efficiency be the mean of that of the 
whole batch of lamps represented when these are running at rated 
voltage: (i.) the life of an electric lamp varies as a high power of 
the efficiency at which it is run (°9), and (ii.) the life-test lamps 
necessarily form but a small sample from a batch, each specimen 
representing any number of lamps up to 200, so that the life test 
must be arranged in such a way that each tested lamp may give as 
closely as possible the average performance of all the lamps it 
represents (4°). Clearly, for this purpose a test at the mean efficiency 
of the batch represented is more satisfactory than a test at rated 
voltage, for in the latter case a life-test specimen may have either a 
higher or lower efficiency than the average of the batch it represents, 
and may therefore give a wholly misleading performance. This 
matter has been dealt with at some length, as it often gives rise to 
a misconception. The whole difficulty lies in the fact that a life test 
must necessarily be by sample, and not infrequently a very small 
sample. Quite fortuitous variations in individual lamps make it 
undesirable to base any conclusions whatever on a life test of less 
than five lamps of any one type and rating (*'), and a considerably 
larger number is very desirable. 

It is clear that if lamps be run at specified efficiency, each will 
require a different voltage, and a life-test installation must therefore 
be arranged in such a way that each lamp may have applied to it 
throughout a test (generally 1,000 hours) exactly that voltage at 
which it has the correct efficiency. This is arranged by some scheme 
such as that now to be described, which, with minor modifications, 
is used at all the larger testing laboratories (#). 

The lamps are accommodated in sockets fixed to horizontal iron 
racks arranged in a skeleton framework, as shown in Fig. 297. The 
racks can be rotated so that the lamps burn either pendent or 
upright. The sockets in each rack are wired in parallel, as shown 
diagrammatically in Fig. 298, and the supply is arranged so that 
any potential, to the nearest 5 volts, can be supplied to any rack. 
The potential applied to a rack is that required for the highest 
voltage lamp to be run on that rack, and is adjusted by means of 
the small series resistance R. The potential applied to each of the 
other lamps on the rack is then adjusted to the desired value by 
connecting small local resistances across the terminals 7’,7,, TT, 
etc. (Fig. 298). The value of R must be kept as low as possible, for, 
since it is in series with a number of lamps which are themselves in 
parallel, the failure of any one of these lamps reduces the current 
through & and so raises the potential on the remaining lamps. It 
is for this reason that the supply must be available in steps of not 
more than 5 volts. 


Fic. 297.—A Life Test Frame for Electric Lamps. 


[To face p, 452. 
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The resistance in series with a lamp is, to the nearest tenth of an 
ohm, of the correct value required to give the necessary drop of 
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Fic. 298.—Arrangements for Life Test of Electric Lamps. 


potential between the rack leads and the lamp terminals. For 
example, if the highest voltage of all the lamps on the rack be Z,, 
the rack potential is adjusted to H, by means of R, and a lamp 
requiring H, volts, and taking a current J, has a resistance of 
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Fig. 299.—Set-up for a Life Test Lamp. 


(H, — E,)/I placed in series with it. The general arrangement for 
a single lamp is shown in Fig. 299. 
The supply must be from a storage battery if a test on direct 
current be required. For a test on alternating current (43) the most 
convenient arrangement is that in which a generator, governed by a 
form of automatic voltage regulator, such as the Tirrill or Brown- 
Boveri (#4), supplies an autotransformer with a number of tappings 
in convenient voltage steps. A continuous record of the voltage on 
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the supply should be kept by means of a recording voltmeter. The 
‘racks are inspected at convenient time intervals, and lamp failures 
are noted (#5). It is generally sufficient if the period of burning of 
each lamp be known to the nearest ten or twelve hours. Alternatively, 
some automatie device may be used for recording the lamp 
failures (46), 

The candle-power and current measurements on a lamp are 
usually made at rated voltage for the sake of uniformity. In a test 
at normal efficiency (1,000 hours) they are often made at the expira- 
tion of 100, 200, 300, 500, 750 and 1,000 hours from the commence- 
ment of the test (47). No attempt is made to readjust the voltage, 
as the efficiency of the lamp changes during the life. If the filament 
of a lamp fracture during actual burning it is removed from the 
test and noted as broken, even though the loose limb of the filament 
may fall across another portion and so cause the lamp to continue 
burning. If a filament fracture during handling, the lamp is con- 
sidered to be accidentally broken, and the results on it are not 
included in the life-test figures (48). 

In order to avoid the long delay caused by a full 1,000-hour test 
and the cost of the power consumed in such a test, especially in the 
case of high wattage lamps, it is often desirable to carry out a 
“forced ”’ life test, 7.e., a test with the lamps running at a voltage 
at which they have an efficiency which is some definite fraction, 
5 or 10 per cent., above the normal efficiency. A correction factor 
is then applied to the results of such a test in order to arrive at the 
result which would probably have been obtained by means of a 
normal life test on the same lamps (4%). The intervals at which 
candle-power measurements are made are generally shorter in the 
case of a forced life test than in a normal test, and the number of 
lamps chosen to represent a given batch is usually larger. 

Life tests may be carried out on the basis of mean horizontal 
candle-power or total flux. While the latter is generally used for 
rating, and therefore for determining the efficiency at which the 
lamp is run, the reduction factor is usually very constant throughout 
the life of a vacuum lamp, so that the mean horizontal candle-power 
can be used for the life-test readings on such lamps if it is found more 
convenient to make measurements of this quantity. This remark 
does not apply in general to gas-filled lamps. 

Life-Test Curves.—The results of life tests, whatever the source 
tested, are usually exhibited in the form of a performance curve (°°), 
of which the abscisse represent hours of actual burning from the 
beginning of the test, and the ordinates (a) candle-power and 
(b) efficiency. A typical set of performance curves for a set of 
electric lamps is shown in Fig. 300, where the left-hand curves refer 
to the individual lamps, while the right-hand curves refer (a) to the 
mean candle-power and (b) the mean efficiency of all the lamps 
tested. 

Shock Tests—Tests of mechanical strength are sometimes 
included as part of a life test, and in such cases the photometric 
laboratory must be equipped for carrying out such tests at intervals 
during the life run. The apparatus used is not in any way stan- 
dardised, and any description of it does not fall within the scope of 
this book (°'). 
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SYMBOLS AND DEFINITIONS OF PHOTOMETRIC 
QUANTITIES 


Many suggestions have been made at various times * for sets of symbols 
and definitions of the various quantities used in photometry. Those most 
commonly employed at the present time have been adopted in this book, and 
are given in this Appendix. The following conventions have also been 
adopted :— 

(i.) The angles of incidence, reflection and refraction of light have been 
measured from the normal to the plane at which the light is incident. 

(ii.) In the case of curves of light distribution in a vertical plane, the 
downward vertical direction (nadir) has been taken as 0°, and angles have 
been measured from this, the horizontal direction being, therefore, 90°, and 
the zenith 180°. 

TABLE OF SYMBOLS 
Symbol. Quantity. 
Hie Luminous intensity, or candle-power, the direction being specified 
in the context. 


by . Mean spherical candle-power (m.s.c.p.). 

1 . Axial eandle-power, 7.e., c.p. in direction of axis of lamp. 

iis . Horizontal candle-power in an azimuth specified in the context, or 
mean horizontal candle-power (m.h.c.p.). 

I, . Candle-power at angle @ (measured from the nadir) in an azimuth 
specified in the context. 

AG . Mean zonal candle-power in the zone a° to 8° (measured from 
nadir). 

Ta . Mean upper hemispherical candle-power. 

Ling . Mean lower hemispherical candle-power. 

For® . Luminous flux. 

E . Illumination of a surface defined in the context. 

By . Illumination of a horizontal surface situated at a specified point. 

Ee . Illumination of a surface inclined at 6° with the vertical. 

Ey Illumination of a vertical surface situated at a specified point. 

B . Brightness in a direction specified in the context. 

Ih . Brightness in the direction of the normal to the surface. 

Bo . Brightness in a direction making an angle 6° with the normal to 
the surface. } 

p,a,t . Reflection, absorption and transmission factors under conditions 
specified in the context. 

fl . Temperature expressed in degrees on the absolute scale. 

Ne: . Wave-length of radiation, expressed in cm. unless otherwise 


specified. 
YS . Wave-number, expressed in waves per ecm. unless otherwise 
specified. 


jibe . Micron = 0.001 mm. = 10-4 cm. 
Mpa . Millimicron = 10—* mm. 
A . Angstrom unit = 10-7 metres = 10 mp. 


K (Ky) . Luminosity (Visibility) factor at wave-number » (wave-length X). 


* See list at the end of this Appendix. 
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TaBLE or Units and ABBREVIATIONS (with Defining Equations) 


The following abbreviations are in general use for the names of the units 
of photometric quantities :— 


oa 
Name. » Symbol. Unit. Abbrey. Defining Equation.* 
Luminous flux . F | Lumen. ; L. = 
Luminousintensity J Candle . : €. dF /dw 
(candle power) | 
Tllumination . ££ Lux or metre- m.¢c. dF /dS 
candle. 
| Foot-candle . Ec. = 
Phot, : ph. = 
Brightness . - Bo Candle per unit | c./em.?, etc. | (dI/dS) sec 6 
area. 
| Lambert ‘ L. 
Foot-lamber5 . ft.L. (d?F/dwdS) sec 6 


* S = surface area: w = solid angle. 


DEFINITIONS 


At the 1921 meeting of the International Commission on Illumination the 
following definitions were officially adopted * :— 

(1) Flux Lumineux. C’est le débit d’énergie rayonnante évalué d’aprés la 
sensation lumineuse qu'il produit. 

Quoique le flux lumineux doive étre regardé strictement comme le débit 
de rayonnement tel qu'il vient d’étre défini, il peut cependant étre admis 
comme une entité pour les besoins de la photométrie pratique, étant donné 
que, dans ces conditions, le débit peut étre.considéré comme constant. 

(2) L’unité de flux lumineux est le Lumen. II est égal au flux émis dans 
Vangle solide unité par une source ponctuelle uniforme d’une bougie inter- 
nationale. 

(3) Eclairement. L’éclairement en un point d’une surface est la densité 
de flux lumineux en ce point, ou le quotient de flux par l’aire de la surface 
lorsqu’elle est uniformément éclairée. 

(4) L’unité pratique @éclairement est le Lux. C'est l’éclairement d’une 
surface d’un métre carré recevant un flux d’un Lumen uniformément réparti, 
ou Véclairement produit sur la surface d’une sphére d’un metre de rayon par 
une source ponctuelle uniforme d’une bougie internationale placée a son 
centre. 

Par suite de certains usages reconnus, on peut aussi exprimer |’éclairement 
au moyen des unités suivants : 

Si l’on prend pour unité de longueur le centimetre l’umité d’éclairement 
est le lumen par centimétre carré, appelé Phot. Si l’on prend pour unité de 
longueur le pied, l’unité d’éclairement est le Lumen par pied carré, appelé 
** Foot-Candle.”’ 

1 Foot-Candle = 10,764 Lux = 1,0764 milli-phot. 

(5) Intensité Lumineuse. L’intensité lumineuse d’une source ponctuelle 
dang une direction quelconque est le flux jumineux par unité d’angie solide 
émis par cette source dans cette direction. (Tout flux émanant d’une source 
de dimensions négligeables par rapport a la distance 4 laquelle on lobserve 
peut étre considéré comme provenant d’un point.) 


* C\LE., Proc., 5, 1921, p. 40. 
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(6) Lunité Vintensité lumineuse est la Bougie Internationale telle qu'elle 
résulte des accords intervenus entre les trois laboratoires nationaux d étalon- 
nage de France, de Grande-Bretagne et des Etats-Unis en 1909.* Cette unite 
a été conservée depuis lors au moyen de lampes a incandescence électriques, 
dans ces laboratoires qui restent chargés de sa conservation. 


* Ces laboratoires sont: le Laboratoire Central d’Electricité a Paris, le National 
Physical Laboratory & Teddington, et le Bureau of Standards 4 Washington. 


The following translation of the above definitions has been officially 
adopted by the National Illumination Committees of Great Britain and of 
the United States of America Tt :— 

(1) Luminous Flux is the rate of passage of radiant energy evaluated by 
reference to the luminous sensation produced by it. 

Although luminous flux should be regarded, strictly, as the rate of passage 
of radiant energy as just defined, it can, nevertheless, be accepted as an 
entity for the purposes of practical photometry, since the velocity may be 
regarded as being constant under those conditions. : 

(2) The’ Unit of Luminous Flux is the Lumen. It is equal to the flux 
emitted in unit solid angle by a uniform point source of one international candle. 

(3) Illumination. The illumination at a point of a surface is the density 
of the luminous flux at that point, or the quotient of the fiux by the area of 
the surface when the latter is uniformly illuminated. f 

(4) The Practical Unit of Illumination is the Lux. It is the illumination 
of a surface 1 square metre in area, receiving a uniformly distributed flux 
of 1 lumen, or the illumination produced at the surface of a sphere having 
a radius of 1 metre by a uniform point source of 1 international candle 
situated at its centre. 

In view of certain recognised usages, illumination may also be expressed 
in terms of the following units :— 

Taking the centimetre as the unit of length, the unit of illumination is the 
lumen per square centimetre ; it is known as the ‘‘ Phot.’’? Taking the foot 
as the unit of length, the unit of illumination is the lumen per square foot ; 
it is known as the ‘* Foot-Candle.’’ 

1 Foot-Candle = 10°764 Lux = 1:0764 milli-phot. 

(5) Luminous Intensity (Candle-zower). The luminous intensity (candle- 
power) of a point source in any direction is the luminous flux per unit solid 
angle emitted by that source in that direction. (The flux emanating from a 
source whose dimensions are negligible in comparison with the distance from 
which it is observed may be considered as coming from a point.) 

(6) The Umit of Luminous Intensity (Candle-power) is the International 
Candle, such as resulted from agreements effected between the three National 
Standardising Laboratories of France, Great Britain and the United States, 
in 1909. { This unit has been maintained since then by means of incandescent 
electric lamps in these laboratories, which continue to be entrusted 
with its maintenance. 

{ These Laboratories are : the Laboratoire Central d’Electricité in Paris, the National 
Physical Laboratory in Teddington, and the Bureau of Standards in Washington. 


The following definitions were officially adopted at the 1924 meeting of 
the International Commission on Illumination § :— 

(7) Brillance. La brillance dans une direction donnée d’une surface 
émettant de la lumiére est le quotient de l’intensité lumineuse mesurée dans 
cette direction par l’aire projetée de cette surface sur un plan perpendiculaire 
i la direction considerée. 

t+ Report of National Tllum. Com. of Great Britain, 7922. Illum. Eng., 16, 1923, 
p. 52; Gas J., 162, 1923, p. 165; Inst. Gas Eng., Trans., 1922-23, p. 78 ; Illum. Eng. Soe. 
N. Y., Trans., 20, 1925, p. 629. 

§ C.LE., Proc. 6, 1924, p. 68, etc. 
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(8) L’unaté de brillance est la bougie par unité de surface. 

. (9) Facteur de transmission d’un corps. C’est le rapport du flux transmis 
par le corps au flux incident qu’il regoit. 

(10) Facteur d’absorption d’un corps. C'est le rapport du flux absorbé 
par le corps au flux incident qu’il recoit. 

(11) Facteur de réflexion d’un corps. C’est le rapport du flux réfléchi par 
’ le corps au flux incident qu’il regoit. 

Le flux réfléchi selon les lois de la réflexion réguliére est appelé flux 
réguliérement réfléchi, et le facteur de réflexion correspondant prend le nom 
de facteur de réflexion réguliére. Le flux diffusé, c’est-d-dire envoyé dans 
autres directions que celle de la réflexion réguliére, donne le facteur de réflexion 
diffuse. Lorsqu’on considére l’ensemble du flux renvoyé par le corps, on 
obtient le facteur total de réflexion. 

(12) Flux total d’une souree. C'est l’ensemble du flux émis par cette 
source. 

(13) Flux hémisphérique supérieur (super-horizontal). C’est le flux émis 
par la source au-dessus du plan horizontal passant par son centre. 

(14) Flux hémisphérique inférieur (sub-horizontal). C’est le flux émis par 
la source au-dessous du plan horizontal passant par son centre. 

(15) Intensité moyenne sphérique d’une souree. C'est la moyenne des 
valeurs de l’intensité de la source dans toutes les directions de l’espace. 

(16) Intensité moyenne hémisphérique supérieure. C’est la moyenne des 
valeurs de l’intensité de la source dans toutes les directions au-dessus du plan 
horizontal passant par son centre. 

(17) Intensité moyenne hémisphérique inférieure. C’est la moyenne des 
valeurs de l’intensité de la source dans toutes les directions au-dessous du 
plan horizontal passant par son centre. . 

(18) Intensité horizontale moyenne. C’est la moyenne des valeurs de 
Vintensité de la source dans toutes les directions du plan horizontal passant 
par son centre. 

(19) Facteur de réduction de |’intensité moyenne sphérique d’une source. 
C’est le rapport de l’intensité moyenne sphérique a l’intensité moyenne 
horizontale. 

(20) Faeteur d’efficacité d’une source. C'est le rapport du flux lumineux 
total 4 la puissance totale consommée. Dans le cas d’une lampe électrique, 
il est exprimé en lumens par watt; dans le cas d’une source utilisant la 
combustion, on peut l’exprimer en lumens par unité de temps et par unité 
thermique. i i 

(21) Facteur de visibilité pour une radiation monochromatique. C’est le 
rapport du flux lumineux au débit du flux d’énergie correspondant. Le 
facteur de visibilité relative d’une radiation monochromatique est le rapport 
du facteur de visibilité de cette radiation 4 la valeur maximum du facteur de 
visibilité. 


The following translation of these definitions has been proposed by the 
National Illumination Committee of Great Britain * :— by 

(7) Brightness. The brightness in a given direction of a surface emitting 
light is the quotient of the luminous intensity measured in that direction by 
the area of this surface projected on a plane perpendicular to the direction 
considered. aks 

(8) The unit of brightness is the candle per wnat area of surface. 

9) The Transmission Factor of a body is the ratio of the flux transmitted 
by the body to the flux incident upon it. — 

(10) The Absorption Factor of a body is the ratio of the flux absorbed by 
the body to the flux incident upon it. 


* Report for 1924. Illum. Eng., 18, 1925, p. 40. 
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(11) The Reflection Factor of a body is the ratio of the flux reflected by 
the body to the flux incident upon it. Mee: 

The flux reflected according to the laws of specular reflection is called 
specularly reflected flux, and the corresponding reflection factor is called 
the factor of specular reflection. The flux diffused, z.e., that sent out in 
directions other than that of specular reflection, gives the diffuse reflection 
factor. The total reflection factor is obtained by considering the whole of the 
flux reflected by the body. : 

(12) The Total Flux of a source is the flux emitted by that source in all 
directions. 

(13) The Upper Hemispherical Flux of a source is the flux emitted by that 
source above the horizontal plane passing through its centre. 

(14) The Lower Hemispherical Flux of a source is the flux emitted by that 
source below the horizontal plane passing through its centre. 

(15) The Mean Spherical Intensity of a source is the average value of the 
intensity of that source in all directions in space. 

(16) The Mean Upper Hemispherical Intensity of a source is the average 
value of the intensity of that source in all directions above the horizontal plane 
passing through its centre. 

(17) The Mean Lower Hemispherical Intensity of a source is the average 
value of the intensity of that source in all directions below the horizontal plane 
passing through its centre. 

(18) The Mean Horizontal Intensity of a source is the average value of the 
intensity of that source in all directions in the horizontal plane passing through 
its centre. 

(19) The Reduction Factor of the mean spherical intensity of a source is the 
ratio of the mean spherical intensity to the mean horizontal intensity. 

(20) The Efficiency of a source is the ratio of the total luminous flux emitted 
to the total power consumed. In the case of an electric lamp it is expressed 
in lumens per watt. In the case of a source depending upon combustion it 
may be expressed in lumens per thermal unit per unit of time. 

(21) The Visibility Factor for monochromatic radiation is the ratio of the 
luminous flux to the corresponding energy flux. 

The relative visibility factor of a monochromatic radiation is the ratio 
of the visibility factor of that radiation to the maximum value of the visibility 
factor. 


The following additional definitions have been adopted by the Illuminating 
Engineering Society of New York, and by the American Engineering Standards 
Committee * :— 


Luminous Fiux 

(22) Light. The term light is used in various ways. 

(a) To express the visual sensation produced normally when radiant 
flux (q.v.) within the proper limits of wave-length, of sufficient intensity and 
of sufficient duration, impinges on the retina. j 

(6) To denote the lwminous flux (q.v.) which produces the visual sensation. 

(c) By extension, even to denote radiant flu of wave-lengths outside of 
the visible spectrum (e.g., ultra-violet light). 

(23) Radiant Flux is the rate of energy radiation, and is expressed in 
ergs per second or in watts. 

_ (24) Quantity of Light is the product of the luminous flux by the time it 
is maintained. It is the time integral of luminous flux. 

(25) The Lumen-Hour is the unit of quantity of light. It is equal to a 
flux of 1 lumen continued for one hour. 

(26) The Lambert is the average brightness of any surface emitting or 


* Illum. Eng. Soc. N. Y., Trans., 20, 1925, p. 629. 
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reflecting 1 lumen per square centimetre, or the uniform brightness of a 
Bey diffusing surface emitting or reflecting 1 lumen per square centi- 
metre. 

For most purposes the millilambert, 0-001 lambert, is the preferable 
practical unit. " : 

Brightness expressed in candles per square centimetre may be reduced 
to lamberts by multiplying by z. 

Brightness expressed in candles per square inch may be reduced to lamberts 
by multiplying by 7/6-45 = 0-487. 

(27) The Foot-Lambert is the average brightness of any surface emitting 
or reflecting 1 lumen per square foot, or the uniform brightness of a perfectly 
diffusing surface emitting or reflecting 1 lumen per square foot. 

A completely reflecting surface under an illumination of 1 foot-candle, - 
therefore, has an average brightness of 1 foot-lambert ; the average brightness 
of any surface in foot-lamberts is the product of the illumination in foot- 
candles by the reflection factor of the surface. 

One foot-lambert is equal to 1:076 millilamberts. 

One foot-lambert is equal to 1/144 7 candles per square inch; brightness 
expressed as candles per square inch may, therefore, be reduced to foot- 
lamberts by multiplying by 452. 

(28) The Mechanical Equivalent of Light is the ratio of radiant flux to 
luminous flux for the wave-length of maximum visibility, and is expressed 
in ergs per second per lumen, or in watts per lumen. It is the reciprocal of the 
maximum absolute visibility. 

As a standard value for the mechanical equivalent of light, the figure 
0-0015 watt per lumen is recommended. 

This term has been used in a variety of senses. As here defined it refers 
only to the minimum mechanical equivalent of light and corresponds to 
monochromatic light of maximum visibility. The reciprocal of this quantity 
is sometimes called the luminous equivalent of radiation. 

(29) A Luminosity Curve of a source of light is a curve showing for each 
wave-length the luminous flux per element of wave-length. Therefore it gives, 
wave-length by wave-length, the product of the radiant flux and the visibility. 

(30) The Luminous Efficiency of any source is the ratio of the luminous 
flux to the radiant flux from the source. For practical purposes it is usually 
expressed in lwmens per watt radiated. (This is not to be confused with the 
efficiency of a source. See definition No. 20.) 


SurFACES AND MeprA Mopiryinec Luminous Fiux 


(31) Diffusing surfaces and media are those which break up the incident 
flux and distribute it more or less in accordance with the cosine law, as for 
example, white plaster and opal glass. ne 

(32) Redirecting surfaces and media are those which change the direction 
of the luminous flux in a definite manner, as for example, a mirror or a lens. 

(33) Seattering surfaces and media are those which redirect the luminous 
flux and break it up into a multiplicity of separate pencils, as for example, 
rippled glass. 

ILLUMINATION 

(34) Unidirectional illumination on a surface is that produced by a single 
light source of relatively small dimensions. It is characterised by the fact 
that a small opaque object placed near the illuminated surface casts a sharp 
shadow. 

(35) Multidirectional illumination on a surface is that produced by several 
separated light sources of relatively small area. It is characterised by the 
fact that a small opaque object placed near the illuminated surface casts 
several shadows. 

P. 
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(36) Diffused illumination is that produced either by primary or secondary 
light sources having dimensions relatively large with respect to the distance 
from the point illuminated, and scattering light in all directions. It is 
characterised by relative lack of shadow. Diffused illumination may be 
derived principally from a single direction, as in the light from a. skylight 
window, or from all directions, as in the open air. Perfectly diffused illumina- 
tion on a surface is shadowless. i : 

In any practical case of illumination on a surface there is usually a mixture 
of the above types. ati ‘ : 

(37) Coefficient of Utilisation of an illumination installation on a given 
plane is the total flux received by that plane divided by the total flux from 
the lampsilluminating it. When not otherwise specified, the plane of reference 
is assumed to be a horizontal plane 30 inches (76 cm.) from the floor. 

(38) Variation Factor of an illumination installation is the ratio of either 
the maximum or minimum illumination on a given plane to the average 
illumination on that plane. 

(39) Variation Range of illumination on a given plane is the ratio of the 
maximum illumination to the minimum illumination on that plane. 


PHOTOMETRY 


(40) A Primary Luminous Standard is one by which the unit of light is 
established, and from which the values of other standards are derived. A 
satisfactory primary standard must be reproducible from specifications. 

(41) A Secondary Standard is one calibrated by comparison with a primary 
standard. The use of the term may also be extended to include standards 
which have not been directly measured against the primary standards, but 
derive their assigned values indirectly from the primary standards. 

Because of the lack of a satisfactory primary standard of light the unit 
is actually maintained in most laboratories by electric incandescent lamps 
serving as reference standards. The values assigned to these standards were 
originally agreed upon as representing the average value of the accepted 
primary standard as nearly as this could be determined. This procedure is 
formally recognised in France and the United States. 

(42) A Working Standard is any standardised luminous source for daily use 
in photometry. 

(43) A Comparison Lamp is alamp of constant, but not necessarily known, 
candle-power against which a working standard and test lamps are successively 
compared in a photometer. 

(44) A Test Lamp, in a photometer, is a lamp to be tested. 

(45) A Performance Curve is a curve representing the behaviour of a lamp 
in any particular (candle-power, consumption, etc.) at different periods during 
its life. 

(46) A Characteristic Curve is a curve expressing a relation between two 
variable properties of a luminous source, as candle-power and volts, candle- 
power and rate of fuel consumption, ete. 

(47) A Horizontal Distribution Curve is a polar curve representing the 
luminous intensity of a lamp, or lighting unit, in a plane perpendicular to the 
axis of the unit, and with the unit at the origin. 

_ (48) A Vertical Distribution Curve is a polar curve representing the luminous 
intensity of a lamp, or lighting unit, in a plane passing through the axis of 
the unit and with the unit at the origin. Unless otherwise specified, a vertical 
distribution curve is assumed to be an average vertical distribution curve, 
such as may in many cases be obtained by rotating the unit about its axis 
and measuring the average intensities at the different elevations. It is 
recommended that in vertical distribution curves angles of elevation shall 
be counted positively from the nadir as zero to the zenith as 180°. In the case 


APPENDIX II 467 


of incandescent lamps, it is assumed that the vertical distribution curve is 
taken with the tip downward. 

(49) The Apparent Candle-power of an extended source of light is the candle- 
power of a point source of light which would produce the same illumination at 
the distance employed. 


Cotour NoMENCLATURE 


(50) Quality of Luminous Flux is that property of luminous flux determined 
by its spectral distribution. 

(51) Colour of Luminous Flux is the subjective evaluation by the eye of 
the quality of luminous flux. Any colour can be expressed in terms of its hue 
and saturation. 

(52) Hue is that property of colour by which the various spectral regions - 
are characteristically distinguished. All colours except purples and white 
may be matched in hue with spectral colours. In the case of a purple, the 
spectral hue which is complementary to the hue of the purple is ordinarily 
used for scientific designation. 

(53) Two hues are complementary if they may be mixed to produce white. 

White may be considered as a colour having no hue. By the mixture of 
luminous fluxes of two or more hues, properly chosen both as to hue and 
intensity, a resultant luminous flux may be obtained which has the colour 
white. Whenever luminous fluxes of two or more hues are mixed, the resultant 
luminous flux, though it may have some dominant hue, will ordinarily be 
evaluated subjectively as having an admixture of white. 

(54) Saturation of a Colour is its degree of freedom from admixture with 
white. Monochromatic spectral light may, for purposes of measurement, be 
considered as having a saturation of 100 per cent. As white light is added 
the saturation decreases until, when the hue entirely disappears, the saturation 
is zero. White, therefore, is the limiting colour, having no hue and zero 
saturation. 

The terms “ purity ’’? and ‘‘ chroma ’’ have also been used to denote the 
quantity above defined under the name “ saturation.” (Report of Committee 
on Colorimetry, Opt. Soc. Am., J., 6, 1922, p. 535.) The name “chroma” has 
also been used for what is above called “* quality.”’ (Report of Committee on 
Spectrophotometry, Opt. Soc. Am., J., 10, 1925, p. 179.) 

The term ‘‘ dominant wave-length ’’ is sometimes used to denote the 
wave-length of the homogeneous (monochromatic) light which, when mixed 
in the correct proportion with white, gives a match with the light under 
consideration. (Report of Committee on Spectrophotometry, loc. cit., swpra.) 

No general agreement has yet been reached on the subject of colour nomen- 
clature. (See, e.g., L. C. Martin, Nature, 114, 1924, p. 790.) 

A number of terms have been proposed for use in connection with the 
transmission of light through a plate of given thickness, composed either of a 
transparent solid or of a clear solution. (Report of Committee on Spectro- 
photometry, Opt. Soc. Am., J., 10, 1925, p. 177.) 
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TABLE OF ConveRSION Facrors ror Brigutrness Unrrs. 


e./em.2 | ¢./m.2 ¢./in.2 ¢./ft.2 


Candles per sq. em. : 1 10,000 | 6-452 929-0 

Candles per sq. metre —,_ | 0:0001 1 0-0006452 0-9290 

Candles per sq. inch . | 0-1550 1,550 1 144 

Candles per “4 foot 0-0010764 | 10-764 | 0-006944 ol 

Lamberts. (Apparent lu- | 0:3183 3,183 | 2-054 295-7 
mens per sq. cm.) 

Millilamberts . . | 0°0003183 | 3-183 | 0-002054 0-2957 | 0-001 1 0-9290 

Foot-Lamberts. Equiva- 00003426 | 3-426 0-00214 0:3183 | 0-0010764 1-0764 1 
lent foot-candles.) (Appa- 


rent lumens per sq, foot.) 


(Value in unit in left-hand column) x (conversion factor) = (value in unit at top of column). 
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450 
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70 
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700 
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750 
60 


107 
061 
032 
O17 
0082 


0041 
0021 
00105 
00052 
00025 


00012 


00006 | 


3 


on 


7 


8 


0006 
0017 
0058 
0146 
027 


044. 
068 
103 
156 
237 


372 
566 
762 
896 
971 


999 
987 
931 
839 
720 


593 
465 
345 
235 
152 


091 
051 
026 
0138 
0066 


0033 

00171 
00085 
00042 
00020 


00009 


0009 
0028 
0089 
0192 
032 


053 
080 
122 
183 
282 


445 
650 
822, 
932 
987 


999 
969 
898 
793 
670 


541 
417 
298 
199 
125 


073 
039 
020 
0103 
0050 


0026 

00129 
00064. 
00031 
00015 


00007 


0010 
0031 
0098 
0204 
034 


055 
084 
128 
191 
295 


464 
670 
836 
940 
990 


998 
964 
889 
781 
657 


528 
405 
287 
191 
LAKE) 


069 
037 
019 
0095 
0047 


0024. 

00120 
00060 
00029 
00014 


00007 


the internationally adopted values given in the second column.* 


* C.1.E., Proc., 6, 1924, p. 67. 
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O01] 
0035 
0107 
0217 
036 


058 
087 
133 
199 
309 


483 
690 
849 
947 
993 


997 
958 
880 
769 
644 © 


515 
393 
276 
183 
113 


065 
034 
018 
0088 
0044: 


0022 

00112 
00056 
00027 
00013 


00006 


APPENDIX V 


SPECTRAL ENERGY DISTRIBUTION FOR A CAVITY 
RADIATOR (BLACK BODY) 


TaBLEs have been prepared to enable the spectral distribution of energy 
from a cavity radiator at any given temperature to be calculated with a 
minimum of labour.* For radiation of any given frequency the rate of change 
of energy emission with change of temperature is so rapid that tables of 
energy distribution, unless very extensive, are almost useless for purposes of 
interpolation.t . 

The most concise method of expressing the results over a wide temperature 
range is by means of a nomograph such as that shown in Fig. 301. For all 
practical purposes (i.e., to an accuracy of about 1 per cent.) Wien’s formula 
(see p. 135) may be used instead of Planck’s throughout the visible spectrum 
up to a temperature of 4,000° K. Hence 


log (£,/C,) — 3 log v + C,»/T = 0, 
or log (£,/C,) + 5 logA + C,/AT = 0. 


Each of these equations leads at once to a simple nomograph?{ in which 
the left-hand vertical line (7) is a reciprocal scale, and the right-hand one 
(Z, or Hy) a logarithmic. The X or » scale is obtained graphically, using a 
table of calculated values of £ such as that given in the “ Report of the Com- 
mittee on Colorimetry of the Optical Soc. of America ” (J., 6, 1922, pp. 558-9). 
The nomograph for #, is shown in Fig. 301. Any straight line drawn across 
the diagram intersects the three scales at points showing corresponding values 
of 7, and £,/dX. In order to obtain a higher accuracy of reading on the 
E scale, two scales of A have been drawn. When the upper one of these is 
used, the appropriate figuring of the # scale is that shown at the left of the EB 
line, while when the lower \ scale is employed the figuring on the right of the 
E scale must be used. 

The nomograph has been drawn for C, = 1:4330 em. degs. and C, = 1. 
If it be desired to use any other value of Cy, the point taken on the left-hand 
scale should be 1-4330 7'/C instead of 7. Similarly, the values of # read on 
the right-hand scale may be multiplied by any desired value of C,. 

Tt is clear that a similar nomograph may be constructed to give Z,. The 
spectral light distribution may be shown by a diagram constructed on the 
same plan ; for, since the candle-power in any given wave-length interval, J,, 
is equal to 2K), it follows that 


log (I,/Cy) + log (A5/Ky) + C,/aT = 0. 


* W. W. Coblentz. Bureau of Standards, Bull. 15, 1920, p. 617. Aseries of graphs, 
has been published by M. K. Frehafer and C. L. Snow in Bureau of Standards. 
Miscellaneous Publ., No. 56, 1926. 

t See, eg., Report of Committee on Colorimetry, Opt. Soc. Am., J., 6, 1922, pp. 
558-9. 

t See, eg. 8S. Brodetsky, “ First Course in Nomography ” (Bell, 1920), p. 91, or 
Article “ Nomography”’ in Dict. Appl. Phys., vol. 38, p. 640. 
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APPENDIX VI 


THE CALCULATION OF CANDLE-POWER IN 
BENCH PHOTOMETRY 


WuEN the “fixed distance” method (see Chapter VI., p. 162) is used, 
the calculations involved in candle-power photometry on the bench are very 
simple, necessitating only the use of a table of squares or a slide rule. — 

When this method cannot be used the calculations are more complicated, 
involving the introduction of the function d?/(d — x), for if d be the distance 
between the sub-standard (candle-power J.) and the test lamp (candle-power 
T,), then, if the test lamp be at the bench zero and the distance of the photo- 
meter head from it be dy, 


; : nt 1\—*, 
Ip = Ish? |(d — dy)® = (If (z— a 


2 
Alternatively, if the sub-standard be at the bench zero, J; = I (5 - 4) : 
If, now, d be so chosen in relation to 7, that, in the first case, J,/d*, or, 
in the second case, I,d? is a multiple of ten, J, can be very simply calculated, 
the second case being slightly easier and involving only three operations, 
Wig, : 
(i.) Extraction from the tables of 1/ds. 

(i.) Subtraction of a constant (1/d). 

(i1.) Squaring the result. 

Tables have been prepared to enable the value of d,*(¢d — d,)* to be 
obtained directly. These tables suffer from the disadvantage that the value 
of d is fixed, generally at an arbitrary value which is suitable only for a com- 
paratively small number of cases met with in practice.* 

A graph of the function y = d,"/(d — d;)* becomes very unsuitable for 
accurate work at values of y above about 2-5. A more suitable form of graph 


is that shown in Fig. 302, where log {d,/(d — d,)} is plotted against d>.f 
If carefully drawn on accurate logarithmic paper, this curve is quite suitable 
for work to an accuracy of 0-5 per cent. Separate curves may be prepared 
for d = 1,000, 2,000, 3,000, 5,000 and 7,000. The one shown in the figure is 
for d = 3,000. Alternatively, a nomograph may be used. 

* J. Castell-Evans. ‘* Physico-Chemical Tables” (Griffin, 1902), vol. 1, p. 26 
(d = 100). 

K. Liebenthal. “ Prakt. Phot.,” p. 432 (d = 2,500). 

G. Schuchardt. ‘ Prakt. Anleitung zum Photometrieren,” p. 46 (d = 2,300). 


W. Bertelsmann. ‘‘ Rechentafeln f. Beleuchtungstechniker.”” (F. Enke, Stuttgart, 
1910) (d = 2,500). 
L. Ubbelohde. ‘Tabelle f. Lichtstirkemessungen.” (Fr. Schmidt u. Haensch, 


Berlin) (d = 2,500). 
} N. A. Halbertsma. Archiv. f. Elektrot., 1, 19172, p. 136. 
{ L. Block, E.T.Z., 43, 1922, p. 73. 
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302.—Curves for Candle-power Calculation (d = 


3,000). 


Fic. 


For Curve A use left-hand and bottom scales. 


For Curve B use right-hand and top scales. 


APPENDIX VII 


REFLECTION AND TRANSMISSION FACTORS OF 
COMMON AND IMPORTANT MATERIALS 


Reflection Factor. 
Material. 
Diffused Light. Direct Light.* 
Magnesium oxide . Z a 0-96 (?) 0-92 (7) 
Magnesium carbonate (block) : : 0-98 (7) . 0-93 (7) 
Plaster of Paris : : , 4 0-91 (7) ) 0-87 (7) 
Matt white celluloid . : : . | 0-80-0-85 (7) | 0-75-0-80 (7) 
White blotting paper ; : . | 0-80-0-85 (7) 0-75-0-80 (7) 
Calcium carbonate . : : ay 0-96 (3) 0-92 (7) 
Depolished opal glass : : é 0-75—0-85 (7) 0-75-0-80 (7) 
Polished opal glass. : .. 0-76 (4) — 
Polished silver (A = 0-50 y) : 1 —- 0-91 (5) 
e esos a = | 0-92, 
PO 10-0 aba lea te a 0-94, 
Back-silvered glass (A = 0-50 pz) : _- 0-81-0-87 (®) 
_ » (A= 0:60 p) = 0-82-0-88 
e 0010) = 0-84-0-90 


* Normal incidence. In the case of diffusing surfaces the angle of view is 30° and the 
unit is the brightness of a perfectly diffusing surface of 100 per cent. reflection factor. 


REFERENCES 


(1) F. Henning and W. Heuse. Z. f. Phys. 10, 1922, p. 111; Wiss. Abh. Phys.- 
Techn, Reichsanstalt, 6, 1923, p. 151. 

(2) C. H. Sharp and W. F. Little. Illum. Eng. Soc. N. Y., Trans., 15, 1920, p. 810 ; 
Illum. Eng., 14, 1921, p. 220. 

See also F. A. Benford, Gen. El. Rev., 28, 1920, p. 72. 

A. H. Taylor. Opt. Soc. Am., J., 4, 1920, p. 9; Tllum. Eng. Soc. N. Y., Trans., 15, 
1920, p. 811; El. World, 76, 1920, p. 467; Bureau of Standards, Bull., 16, 1920, p. 431, 
and 17, 1921, p. 5. 

EK. Karrer. Opt. Soc. Am., J., 5, 1921, p. 96; Bureau of Standards, Bull., 17, 1927, 
p. 208. 

(3) P. G. Nutting, L. A. Jones and F. A. Elliott. Illum. Eng. Soe. N. Y., Trans., 
9, 1914, p. 596. (Value given increased by 10 per cent.). 

(4) A. H. Taylor. Illum. Eng. Soc. N. Y., Trans., 15, 1920, p. 815; Bureau of Stan- 
dards, are 17, 1927, p. 5. 

(5) EB. Hagen and H. Rubens. Wied. Ann., 8, 1902, p. 16. 
(6) iD Hagen and H. Rubens. Wied. Ann., 1, 1900, p. 373. 

(7) Measurements made at the National Phy sical Laboratory. 

Other references are :— 

(a) Various Diffusing Surfaces: W. E. Sumpner. Phys. Soc., Proc., 12, 1893, p. 10; 
Phil. Mag., 35, 1893, p. 81. See note (38), p. 232. 

W. W. Coblentz. Bureau of Standards, Bull., 9, 1973, p. 283. 

(°) Pigments, etc.: L. Bell. Illum. Eng. Soc. N. Y., Trans., 2, 1907, p. 653; Illum. 
Eng. 1, 1908, p. 72; Science Abs., 11, 1908 ‘(B.), p. 200. 

L. Bell. El. W orld, 65, 1915, p. 211, 
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“18. A. Gardner. Frank. Inst., J., 181, 1916, p. 99. (The values given in this paper 
should be increased by about 10 per cent.) 
; W. Harrison and E. A. Anderson. Tllum. Eng. Soc. N. Y., Trans., 15, 1920, p. 97. 
1928) 10s o er and H. B. Dates. ‘Illuminating Engineering”? (Chapman and Hall, 
25), p. ‘ 


Ao) Papers and inks: Committee on Glare, Illum. Eng. Soc. N. Y., Trans., 10, 1915, 


p. 

(d) Surfaces met with out-of-doors: H. H. Kimball. Tllum. Eng. Soc. N. Y., Trans., 
19, 1924, p. 217. 

W. W. Coblentz. Bureau of Standards, Bull., 9, 1913, p. 283. 

(e) Simple chemical compounds (white) : P. G. Nutting, L. A. Jones and F. A. Elliott. 
Illum. Eng. Soc. N. Y., Trans, 9, 1914, p. 593. (The values given in this paper should be 
increased by about 10 per cent.). 

(f) Various metals and alloys: “ Recueil de Constantes Physiques ” (Soc. Franc. de 
Phys., 1913), pp. 546 et seq. 

Landolt-Bérnstein. ‘* Physikalisch-Chemische Tabellen’’ (Springer, Berlin, 1923), 
vol. 2, pp. 903 et seq. 


P : In these papers actual specimens of coloured surfaces are given with their reflection 
actors. 


Transmission Factor.* 
Material. 
Diffused Light. Direct Light.+ 
Sand-blasted clear glass : : 0-70 (1) 0-37 (?) 
Flashed opal glass (0-1 mm. thick) : — 0:39 (?) 
Pot opal glass (polished) (2 mm. thick) . — 0-13 (?) 
Pot opal glass (depolished) . : : — 0-30 (3) 


* The light lost by reflection has been included, so that the above figures represent 
(1 —p —a). 

+ Normal incidence: angle of view 30°. The unit is the brightness of a perfectly 
diffusing surface of 100 per cent. transmission factor. 

N.B.—Values of reflection or transmission factors are included in many of the papers 
referred to in notes (4) to (10) on p. 372. 


REFERENCES 


(1) M. Luckiesh. Opt. Soc. Am., J., 2-3, 1909, p. 46. 

M. Luckiesh and L. L. Mellor. Frank. Inst., J., 186, 1918, p. 540. 

See also M. Luckiesh, El. World, 60, 7912, p. 1040, and 61, 1913, p. 883; Electrician, 
71, 1913, p. 562. 

(2) Report of Committee on Glare. Illum. Eng. Soc. N. Y., Trans., 11, 1916, p. 367. 

(3) E. J. Edwards, Ilum. Eng. Soc. N. Y., Trans., 9, 1922, p. 1014. 
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BRIGHTNESS, BRIGHTNESS TEMPERATURE AND 
COLOUR TEMPERATURE OF COMMON SOURCES 
OF LIGHT 


A } Brightness Colour 
Source. . ae | Daren | Temp. 
) | (A = 0°665 ») | 
Candle ; : : : : . | 0-004 to | _- | 1,930 
0-006 (*) 

Hefner (whole flame) . ‘ ; SF ily ae -- 1,880 
Pentane (10 c.p.) : : ; ; ~- ~-- 1,920 
Paraffin (flat wick) .. : : . | 0-0125 1,500 2,055 
fe (round wick) . ; : . | 0-015 1,530 | 1,920 
Gas (bat’s-wing flame) (600 B.Th.U.) . | 0-004 (?) — | 2,160 
Acetylene (Kodak burner) : . | 0-108 1,730 2,360 

Welsbach mantle (upright) . ; . | 0-048 (?) -- ~— 

ie », (inverted) . ! . | 0-058 (8) —— — 

, (high pressure) . . | 0-25 (°) — ~- 
Carbon fil. lamp (untreated) (2-6 L-p.w.) . | 0-55 + 2,030 2,080 
Gem lamp (41.p.w.) . : : . | O78 2,130 2,195 
* Tungsten fil. lamp (vacuum, 7-91-p.w.). | 1-25 t 2,150 2,400 

iz » (gas-filled, 12-9l.p.w.) | 5:97 (4) — 2,740 (*) 
i » (gas-filled, 15-2 1.p.w.) | 7-72 (4) - 2,810 (4) 
Se », (gas-filled, 18-1 l.p.w.) | 10-00 (4) 2,920 (4) 
‘ » (gas-filled, 21-21.p.w.) | 13-25 (4) 3,000 (4) 
Mercury vapour (glass) : . | 0-023 (?) —— 
Are crater (solid carbon) 172 (5) 3,700 (*) | 3,780 (*) 
| (A=0-65 p) 
Clear blue sky. : ; : . | 0-004 (8) — 12,000 to 
"24,000 (°) 
Zenith sun (at earth’s surface) : : 1,650 | 5,400 (2°) 


* See also chapter IX., pp. 272 et seq. 

t+ It has been found that both carbon and tungsten show deviations from the cosine 
law of emission, See A. G. Worthing, Astrophys. J., 36, 1912, p. 345: El. Rev. and W. 
Elect., 62, 1913, p. 706; Nela Bull., 1, 1917, p. 148. 
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Kxcept where otherwise stated the above values are taken from KE. P. Hyde and W. E. 
Forsythe. Illum. Eng. Soc. N. Y., Trans., 16, 1921, p. 426; Licht u. Lampe, 1924, p. 227. 

(1) A. Blondel. Recueil de Constantes Physiques. (Soc. Frang. de Phys., Paris 
1913), p. 511. 

(2) H. KE. Ives and M. Luckiesh. El. World, 57, 19177, p. 439. 
(3) “ Lichttechnik ” (Oldenbourg, Berlin, 1921), p. 541; L. Bloch, Licht u. Lampe, 
1924, p. 523. 

(4) W. E. Forsythe. Gen. El. Rev., 26, 1923, p. 880; Elettrot., 11, 1924, p. 724; 
ae Forsythe and A. G, Worthing, C.I.E., Proe., 6, 1924, p. 100; Astrophys. J., 61, 1925, 
p. 183. 
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(5) N. A. Allen. El. Rev., 23, 1923, p. 238. 

(6) C. W. Waidner and G. K. Burgess. Bureau of Standards, Bull., 1, 1904, p. 109. 
’ (7) I. G. Priest. Bureau of Standards, Bull., 18, 1922, p. 221; Opt. Soc. Am., J. 
6, 1922, p. 27. 

(8) H. E. Ives and M. Luckiesh. TIllum. Eng. Soc. N. Y., Trans., 6, 1911, p. 700; 
P. J. Waldram, Illum. Eng., 1, 1908, p. 814, and 7, 1914, p. 17. See.also references in 
note (69), p. 376. 4% 

(9) I. G. Priest. Opt. Soc. Am., J., 7, 1923, pp. 78 and 1184. 

(10) I. G. Priest. Opt. Soc. Am., J., 4, 1920, p. 482. 

Other references are :— 

P. Janet. C.R., 126, 1898, p. 734. 

P. Jenko. Wied. Ann., 66, 1898, p. 1183. 

L. Lombardi. E.T.Z., 25, 1904, p. 41. 

C. W. Waidner and G. K. Burgess. Bureau of Standards, Bull., 2, 1906, p. 319. 

C. Clerici. Assoc. Elettrot. Ital., Atti, 11, 1907, p.137; L’Elettricita, 28, 1907, p. 155; 
Electrician, 59, 1907, p. 227. ; 

A. Grau. E.u.M., 25, 1907, p. 295; Hel. Hl., 51, 1907, p. 250. 

J. T. Macgregor Morris, F. Stroude and E. M. Ellis. Electrician, 59, 1907, p. 584. 

G. Schulze. E. Liebenthal’s ‘‘ Prakt. Phot.,’’ pp. 336, 338, 340 and 357. 

C. Féry and C. Chéneveau. Soc. Int. des Elect., Bull., 9, 1909, p. 683. 

M. v. Pirani. Deut. Phys. Gesell., Verh., 12, 1910, p. 301. 

J. R. Cravath. Illum. Eng. Soc. N. Y., Trans., 9, 1914, p. 394. 

J. T. Macgregor Morris. Illum. Eng., 9, 1916, p. 7. 

J. Langmuir. Phys. Rev., 7, 1916, p. 152. 

E. P. Hyde and W. E. Forsythe. Frank. Inst., J., 183, 1917, p. 353; Opt. Soc. Am., 
J., 1, 1917, p. 99. 

. E. F. Kingsbury. Frank. Inst., J., 183, 1917, p. 781. 

W. E. Forsythe. Frank. Inst., J., 192, 1921, p. 109; Phys. Rev., 18, 1921, p. 147. 

W. E. Forsythe. Frank. Inst., J., 193, 1922, p. 251. 

H. Lux. H.T.Z., 43, 1922, pp. 1401 and 1451. 

H. H. Kimball. Monthly Weather Rev., 52, 1924, p. 473 ; B. A. Report, 1924, p. 368; 
Illum. Eng. Soc. N. Y., Trans., 20, 1925, p. 477. 

KE. Lax and M. Pirani. Z. f. Phys., 22, 1924, p. 284. 


APPENDIX Ix 
COLOUR OF COMMON LIGHT SOURCES 


Source. Hue. | Satn. | Ref. | Sensation Values(%)| Ref. 
(mp). (%). R. G. B 

Candle ; d : é : . | 593 87 (1) — | =— 1) 

Hefner : : : é é . | 593 86 (1) | 54-1] 38-9; 7-0) (3) 

Pentane . : , . | 592 85 (1) Sat Bret Fa 

Acetylene (flat flame) . ‘ . | 585-5] 64 (1) | 48-6 | 40-7 | 10-7} (2) 

Welsbach mantle (? per cent. ceria) . | 582-4] 71 (3) | 46-8 | 40-1 13-1) (3) 

Carbon fil. lamp (2:6 l.p.w.) . 5 . | 590 84 (3) | 52-2 | 39-0) 88) (3) 

% (2-7 l.p.w.) . : . | 591-5] 75 (1) fb 

Tungsten fil. lamp (vacuum, 7-7 l.p.w.) . | 588-4] 65-5) (3) | 49-3) 38-9 11-8) (3) 

7 as (gas-filled, 12 l.p.w.) 586 66 (1) —|};—- — | — 

a i (gas-filled, 16 l.p.w.). | 586-9} 56 (3) | 44:8 /| 38-5 16-7) (3) 

Be 2 (gas-filled, 24 lp.w.). | 584-5) 55 qd) }—}]— — — 

Mercury vapour . : . | 495-6] 25 (3) | 23-5 | 29-2 | 47-3] (3) 

Are crater (solid carbon) ; " . | 584-1] 22 (3) | 39-6 | 35-6 | 24-8! (3) 

Zenith sun (at earth’s surface) .f oS 0 | (1) | 33-3 | 33-3 | 33-3 | (1) 
Black body at 5,000° K. : : _| 0 \(2& 3) 33- 3 | 33-3 | 33-3 (2 & 3) 
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H. E. Ives. Bureau of Standards, Bull., 6, 1910, p. 231. 

H. E. Ives. Ilum. Eng. Soc. N. Y., Trans., 5, 1910, p. 189; Nela Bull., 1, 1913, p. 79. 

E. L. Nichols and E. Merritt. Phys. Rev., 30, 1910, p. 328. 
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CHARACTERISTIC EQUATIONS FOR ELECTRIC 
INCANDESCENT LAMPS 


TuE relations between the candle-power (or flux) (F), potential (E) and 
current (I) for electric lamps are often expressed by empirical equations of 


BdA 
the general form A = mB* or Adp—” (1). The values of n for modern 


lamps are as follows :— 


Type of Lamp. 4 a Aon = = 
Carbon fil. (untreated) 4 : 6-6 5-1 1:3 
” ” (Gem) . . . 4-8 3°6 1:3 
. Tungsten fil. (vacuum) ; A 3°59 6-16 0-58 
* » (gas-filled) . . | Variable (?). — _ 


The above values refer to lamps operating at about the normal working 
efficiency for each type. It has been found that, although n is constant for 
small variations of the quantities concerned, it alters gradually with the 
efficiency of the lamp. A more complicated expression than that given above 
is, therefore, required for interpolation over wide ranges (8), and for tungsten 
filament vacuum lamps of normal type the following equations have been 
found (*) to represent the observed values over a range extending from 
3:1 to 14 lumens per watt :— 


Ifz = log (voltage ratio) 

Y1 = log (actual lumens per watt) 
Yo, = log (lumens ratio) 

Y3 = log (wattage ratio) 

Y4 = log (current ratio), 

Y1 = — 0-918 a? + 2-009 ~ + 0:91514, yp 

Y3 = — 0-028 a 4+ 1-583 a, Ya 

Tables have been prepared to facilitate calculation by means ‘of the 
equations (*). 

To a degree of accuracy often sufficient for practical purposes these 
equations may be used in the form of a graph such as that shown in Fig. 303. 
The scale of abscisse is a logarithmic scale of efficiencies (y,), while the ordinate 
scale is a logarithmic scale of voltage, lumen, efe., ratios (x, Y, etc.). The 
curves representing the characteristic equations are drawn so that the ordinate 
100 on each curve corresponds with the efficiency value chosen as a basis, 
viz., 8225 l.p.w. (1:2 w.p.m.h.c.). 

P. 


— 0-946 x2 + 3-592 2, 
— 0-028 x? + 0-583 a. 
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482 PHOTOMETRY 
The method of using these curves will be clear from the following 
examples :— 
(I.) RELATION BETWEEN PoTENTIAL AND EFFICIENCY 


Problem.—The efficiency of a lamp is 7 lumens per watt at 170 volts. 


Find (a) the efficiency at 210 volts, and 
(6) the voltage at which it has an efficiency of 11-5 l.p.w. 
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7 
Efficiency (Lameas per watt) 


Fie. 303.—Characteristic Equations for Tungsten Filament Vacuum Lamps. 


Solution —The volt ratio at 7 l.p.w. is 92-5 per cent. (curve B). 

(a) The volt ratio at the required efficiency is therefore (210/170) x 
92-5 = 114-2 per cent. 

Corresponding with this volt ratio (curve B), the required efficiency is 
found as 10-7 l.p.w. 

(b) The volt ratio at 11-5 lp.w. is 119 per cent. (curve B). Hence the 
required voltage is (119/92°5) x 170 = 219 volts. 
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(II.) Retarion Berween Fux (CaANDLE-PoWER) AND ErrictENcy 


_ This probl m is dealt with exactly as in (I.), except that curve A is used 
instead of curve B. 


(III.) ReLarion BETWEEN FLUX oR CANDLE-POWER AND POTENTIAL 


(N.B.—Kither flux or potential must be given at some stated efficiency.) 

Problem.—The candle-power of a lamp is 53-5 at 117 volts, the correspond: — 
ing efficiency being 9-5 |.p.w. 

Find (a) the candle-power at 125 volts, and 

(6) the voltage at which the candle-power is 37-5. 

Solution.—At the efficiency 9-5 1.p.w. the volt ratio is 107-6 per cent., and 
the c.p. ratio 129-3 per cent. 

(a) At a volt ratio of (125/117) x 107-6 = 115 per cent. the efficiency is 
10-7 Lp.w. (actually this number need not be noted), and the corresponding 
c.p. ratio is 165-5 per cent. 

The required candle-power is, therefore, (165-5/129-3) x 53-5 = 68-5 
candles. 

(6) At ac.p. ratio of (37-5/53-5) 129-3 = 90-7 per cent. the corresponding 
volt ratio (7.e., the volt ratio at the same efficiency) is 97-5 per cent. 

The required voltage is, therefore, (97-5/107-6) x 117 = 106 volts. 


It is worth noticing that if the scale of ordinates be of the same size as 
that of a standard slide rule, the multiplications and divisions involved in 
the above work may be avoided. For instance, in Problem I. (a) the distance 
between the graduations 170 and 210 on the slide rule is marked off vertically 
above the point 92-5 on the ordinate scale. This gives the 114-2 mark as the 
ordinate corresponding with the new efficiency. The scale in Fig. 303 is the 
same as the bottom scale of a so-called 10-inch rule, wiz., 25 cm. between 
1 and 10. 

The following table gives the characteristics (uncorrected for end losses) 
of tungsten filament vacuum lamps at various efficiencies (°) :— 


CHARACTERISTICS OF TUNGSTEN Firrament Lamps (UNCORRECTED). 
Lum. effy. | Colour Temp. | Brightness Per cent. Per cent.. | Per cent. ye HdP 
(1.p.W.) Degs. K. (c./mam2), Volts. Watts. | Lumens. Rau 
2°50 | 2,024 0-200 | 55-0 38°7 10-4. 4-] 
3°65 2,128 0-356 | 63-6 48-7 18-6 39 
500 | 2,231 0-613 | 73°3 Olek 32:2 3°8 
6-70 2,339 1-005 83:5 75:2 52-2 3°6 
8-60 2,440 af5 0 95-0 92-1 82-9 3D 
9-80 2,493 1:93 100-0 100-0 100-0 3-4 
10-8 2,546 2-375 105-9 109-6 122-0 34 
13-2 2,652 S47 118-5 150-6 179-3 3:3 
15-8 2,758 1-98 132°3 155-6 257-0 32 
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VOCABULARY 


To facilitate reference to foreign literature, the French and German equivalents of certain 
photometric technical terms are given after the index entry of those terms. Equivalents which 
are almost identical with the English word are omitted. 7 


ABADY and SIMMANCE’sS _ flicker 
meter, 251 
Abbreviations for periodicals, xxiii 
—-— photometric quantities, 461 
Aberration, Chromatic (G. Farbenabwei- 
chung), 24 
—, Spherical (F. aberr. de sphéricité; G. 
spharische Abweichung), 23 
ABNEY’S sector disc, 176 
ABNEY’S test plate, 396 
Absolute measurements in spectrophoto- 
metry, 286 
— photometer, 147 
— physical photometers, 317 
— scale of temperature, 144 (34) 
— standards of light, 6 
Absorbing glasses in photometry (see Neu- 
tral filters) (F. eran absorbant ; G. 
absorbierende Glasplatte). 
Absorption, Atmospheric, 397 
-—, —, in searchlight photometry, 418 
— by objects within photometric integrator, 
215 
— factor, Definition of (F. facteur @absorp- 
tion ; G. Absorptionsvermégen), 463 
—. —, Measurement of, 397 
— -— of body, 115 
— — — substance, 116 
— in transparent plate, 117 
— of optical system, 391 
Accommodation of eye (G. Akkomodation), 
49 
Accumulators for illumination photometers, 
357 
Accuracy in photometry, Effect of field 


photo- 


brightness on (F. preci- | 


sion; G. Genauighert), 
185 
— ——, — — small colour differences on, 


237 
-—, Factors affecting, 315 
— — spectrophotometry, 287 
— — visual colour matching, 273 
— — — photometry, 146 
— of polarisation photometers, 175 
— — sector disc, 177 


Acetylene flame as standard of spectral — 


distribution, 268 
— lamp as substandard, Hasrman-Kopak, 
139 
—— standards of luminous intensity, 5 
Actinic light, Frequency of, 18 


Acuity, visual (G. Sehschdrfe), 52, 54, 75 (6) 
— photometer (F. phot. basé sur Vacuité 
visuelle ; G. Phot. nach d. Sehschirfen- 
methode), 54, 236 
— —, Drcoupwtn’s, 10 (11) 
— —, Houstoun and KEnNELLY’s, 352 
— —, Srmonorr’s, 10 (11) 
— —, Yvon’s, 11 (20) 
Adaptation of eye to colour, 313 (27) 
= = , Effect of, on complemen- 
tary colours, 313 (34) 
———— light (G. Dunkel- (or Hell- 
adaptation), 54 
Adjustment of photometer head on bench, 
164 
— to specified candle-power on bench, 168 
After-image in vision (successive contrast) 
(F. image secondaire ; G. Nachbild), 70 
ALTENECK, VON H&FNER- (see HEFNER). 
Ammeter, Connection of, in photometer 
lamp circuit (G. Strommesser), 442 
Amplification of photo-el. current by 
valves (G. Vergrdsserung), 331 
Amplitude in wave motion (G. Schwingungs- 
weite), 17 
Amyl acetate standard (see also Hurnur 
lamp), 129 
NGSTROM unit, 460 
Apparent intensity (candle-power), Defini- 
tion of, 467 
Aqueous humour in eye (FF. humeur 
aqueuse ; G. wdsserige Flitssigheit), 49 | 
ARAGO’S photometer, 3 
Are lamp, Determination of polar curve for 
(F. lampe a arc; G. Bogenlampe), 
200 
— —, Spectrophotometry of, 288 
—, Crater of, as standard of light (F. 
cratére Mare ; G. Bogenkrater), 131 
ARGAND gas standard, 5 
Arnoux’ photometer, 192 (87) 
Artificial eye, Thermopile and 
filter as, 320 
Asymmetry of photometer head, Correction 
for (EF. dissymétrie ; G. Ungleichseitig- 
keit), 152, 189 (45) 
Atmospheric absorption, 397 
— — in searchlight photometry, 418 
— conditions, Effect of, on gas mantles, 
190 (54) 
——, — —, on HErver lamp, 130 
, on pentane lamp, 128 


colour 
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Atmospheric diffusion, 119 

Automatic recorder for bench photometry, 
190 (49) 

Automobile headlights, Photometry of 
(F. phare Wautomobile ; G. Automabil- 
scheinwerfer), 419 

Average candle-power (see Mean spherical 
intensity). 

— illumination, 363 


BaBinet’s photometer, 4 
Background, Illuminated, to increase 
photometric accuracy, 185, 259 _ 
BALFOUR STEWART, 33 
BaLMeEr’s series in spectrum, 40 
Bands in thin films, Interference (TaLBot’s 
bands), 26 
Band spectrum (fF. spectre de bandes ; G. 
Bandenspektrum), 41 
Barometric pressure, 
lamps (F. pression baro- 
métrique, or atmospher- 


INDEX 


Black body temperature (see Brightness 
temperature). : 

Blackening of lamp bulbs, Effect of, on 
colour temp., 273 

Black, Optical, 157, 189 (30) 

Blind spot in eye (F. tache aveugle ; G. 
blinder Fleck), 48 

Block photometer, Joty’s, 160 

BionpEL and Broca’s photometer, 192 

89 

a photometer, 352, 372 (14) 

— lumenmeter, 205 

— nitometer (brightness photometer), 403 

Blotting paper as illuminometer test 
surface, 342 

Bour’s theory of atomic structure, 39 

Bolometer, 42, 318 

BoutzMANN law of radiation, 34 


' Booking bench measurements, Method of, 


Effect of, on gas | 


ique; G. ro imac or | 


Luftdruck), 442 
——, — —, on HEFNER lamp, 130 
— —, on pentane lamp, 128 

Bate for illumination photometer, 357 

— — photometric laboratory. 435 

BAWTREE’S colorimeter, 314 (36) 

Beam of projector, Definition of “edge” 
of (F. faisceau lumineux ; G. Licht- 
kegel or Lichtbiischel), 423 (11) 

— flux, Measurement of, in projector 
photometry, 421 

— intensity, Measurement of, in projector 

photometry, 415, 417, 419 

BECHSTEIN’S flicker photometer, 251 

— illumination photometer, 374 (33) 

BECQUEREL’S photometer, 4 

BrEEr’s law, 116, 248 

— photometer, 3 

BELLINGHAM and STANLEY'S — spectro- 

photometer and spectrometer, 284 

Bench, Photometer (I. banc photometrique ; 

G. Photometerbank) (see Photometer 
bench). 

Bench method of photometry, 147 

— photometry, Methods of, 161 

Brnuam’s top, 79 (50) 

Benzine standard lamp, 13 (56) 

BrERNARD’S photometer, 4 

Brpwet’s form of selenium bridge, 

Binocular vision in photometry, 

of, 189 (32) 
-——, LumMEr-Bropuun photometer head 
for, 157 
Biprism, FRESNEL (F. biprisme de Fr. ; G. 
Zaoingepr vin. as Biprisma), 21 


322 
Advantage 


—, —, in photometry, 15 

Black body as standard of light (F. corps 
noir; G. Hohlraum or 
schwarzer Korper), 132 

- —-— -— spectral distribution, 269 


- at 1596° K, Energy distribution curve 
for, 37 
— —, Candle-power of, 297 
, Practical forms of, 132 
—-—, Spectral distribution 
from, 472 


of 


radiation 


166 2 = 
Bortnue’s photometer, 192 (87) 
Bougie décimale (G. Dezimalkerze), 130, 
131 
BovuGveEr’s photometer, 1 
Boys’ gas calorimeter, 444 
—  radiomicrometer, 319 
Brace-LEMON spectrophotometer, 282 
Brace spectrophotometer, 279 
Brapy and Ives’ flicker photometer, 260 
Brightness (F. brillance or élat or clarté ; 
G. Glanz or Flachenhelle or Leucht- 
dichte or Helligkeit), 99 
—, Definition of, 463 
—, Effect of, on visual acuity, 54 
—, Measurement of, 400 
— of black body, 297 
— -— common light sources, 478 
— — field, Effect of, in flicker photometry y> 
253, 259 
, on photometric accuracy, 
185 
— — —, proposed standard of, for colori- 


metry, 314 (45) 
— difference just detectable by eye, 52 
— — — ——-— with colour difference, 


264 (5) 
~ ratio tolerable to eye, 77 (30) 
~ temperature (F. temp. du corps noir; G. 
schwarze Temperatur), 270 
— of common light sources, 478 
Brilliance (see Brightness). 
Bristol board as illuminometer test surface, 
342 


Broca and BionpeEL’s photometer, 192 
(89) 
—-— Pouack on visibility of coloured 


point sources, 69 
— — SULZER on rise of visual sensation, 
60 
Bropxun photometer and spectrophoto- 
meter (see LuMMER-BRODHUN). 
— rotating beam form of sector disc. 
— sector dise, 191 (68). 


178 


Buisson and Fasry’s microphotometer, 
394 

BuNsEN disc, Method of making (F. écran 
de B. ; G. Bunsenscher Photometerschirm), 
153 

BUNSEN’S photometer, 4, 152 


Theory of, 152 


Vee ee eee 


ee 


INDEX 


BuREAU oF SranpArpS, 137 

— — —,, Integrating sphere at, 219 : 

Burnerr’s illumination photometer, 372 
eee 

BUTTERFIELD, HALDANE and TROTTER on 
pentane lamp, 128 


Capy, Hyp and Forsytue on luminosity 
(visibility) curve, 295 
Calculation of candle-power in bench 
photometry, 161, 168, 474 
— -~— illumination, Charts for, 375 (57) 
— — spectral distribution for black body, 
472 
Calibration of absorbing filters (F. ¢etalon- 
nage, or graduation ; G. EHichung), 
181 
— — illumination photometers, 347, 356, 
359 
— — sector disc, 179 
— — spectrometer, 274 
CaLLow’s illumination photometer, 372 
(14 
Caloric value cf gas, Effect of, on candle- 
power of mantles 
(FE. puissance calori- 
fique; G. Heizwert), 
444 
SS  oaslamelonananle, 
190 (53) 
— — — —, Measurement of, 444 
Calorimeter, Boys’ gas, 444 
Candle, Definition of International (F. 
bougie int. ; G. int. Kerze), 86 
—, Parliamentary, 4 
—, Standard (F. bougie normale ; G. Nor- 
malkerze), 4. 
Candle-foot, 95 ’ 
Candle-metre (F. bougie-metre ; G. 
kerze), 95 
Candle-power, Adjustment to specified, on 
bench (F. intensité lumineuse; G. 
Lichtstdrke), 168 


Meter 


—— and voltage or current relationships for | 


electric lamps, 481 
—, Definition of, 84 
hemispherical intensity, ete. 
-— of black body, 297 
—— distribution curve, Definition of (I. 
courbe de répartition lumineuse ; 
G. Lichtverteilungskurve), 466 
., Horizontal, 194 
., Photographic determination of, 
333 
—=— —, Vertical, 194 
Candle-power scale for photometer bench 
(G. Kerzenterlung), 148 
SS, computation of, 187 (8) 
Carbon are standard of light, 131 
—_ dioxide, Effect cf, on flame standards, 
130 
_— filament lamp as standard of light (I. 


—, Mean hemispherical, etc. (see Mean | 
)s 


lampe @ filament de char- | 


bon; G. Kohlenfaden- 
gliihlampe), 135 
= = — — spectral distribution, 272 
CaRcEL lamp, 4 


| 
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Carriage for use on photometer bench (F. 
chariot ; G. Wagen), 148 
Cascade method of heterochromatic photo- 
metry (I. méthode de comparaison en 
cascade ; G. Kaskadenmethode), 238 
Casn’s thalofide bridge, 325 
Cavity radiator (see Black body). 
Celestial photometry (see Stellar photo- 
metry). 
Cell, Photo-electric (see 
cell). 
Cells for illumination photometers, 357 
Cells to contain solutions for heterochro- 
matic photometry (F. 
cuve ; G. Zelle), 245 
— — — — — spectrophotometry, 388 - 
Celluloid as illuminometer test surface, 
342 
Centre, Photometric (luminous centre of 
gravity), of light source (see also Effective 
light centre) (F. centre lwmineux; G. 
Lichtschwerpunkt), 224. 
Changing lamps in integrating sphere, 
Devices for, 219 
Characteristic curve, Definition of (F. 
courbe charactéristique ; G. charak- 
teristische Kurve), 466 
— — of illumination, 363 
— equations for electric lamps (F. equation 
char. ; G. char. Gleichung). 
481 
a , Use of, in heterochromatic 
photometry, 239 
— (voltage-current) 
electric cell, 329 
Charts, Colour, for colorimetry, 309 
— for illumination calculations, 375 (57) 
Checking illumination photometers (I. 
graduation, or étalonnage, a nouveau ; G. 
Neueichung), 347, 356 
Chemical papers for illumination photo- 
metry, 355 
— photometers, 331 
— solution to imitate luminosity (visi- 
bility) curve, 296 
— — for heterochromatic photometry, 246 
— —, Spectrophotometry of, 388 
Chemi-luminescence, 33 
Choice of observers for heterochromatic 
photometry, 263 
Choroid of eye (I. choroide ; G. Aderhaut), 
49 
Chroma of a colour, Definition of (PF 
tonalité ; G. Farbton), 467 
Chromatic aberration (G. 
chung), 25 
— sensitivity of eye (I. sensibilité différenti- 
elle pour la couleur; G. Farbenunter- 
scheidungsvermagen), 66 


Photo-electric 


curve for photo- 


Farbenabwet- 


"Ciliary processes of eye (F. corps ciliaire ; 


G. Ciliarkorper), 49 

CLASSEN’S relative photometer, 370 

CLERK MAXWELL (see MAXWELL). 

Cobalt glass for use in heterochromatic 
photometry, 242 

Coss on glare, 57 

CoBLENt?z on luminosity (visibility) curve, 
295 

Coefficient of reflection, etc. (see Reflection, 
etc., factor), 


488 

Coefficient of utilisation of an illumination 
system (F.  facteur 
@utilisation ; G. Wirk- 
ungsgrad, or Nutz- 
faktor), 363 


Se , Definition of, 466 

Colloidal solutions, Nephelometry of, 384 

Coloration of sphere paint, Error due to, 218 

Colorimeter, BAWTREE’S, 314 (36) 

—, F. E. Ivzs’, 304 

—, Monochromatic, 307 

—, Nar. Pays. Lap. (GuiLp’s), 304 

—, Nuttina’s, 307 

—, Trichromatic, 304 

Colorimetry by comparison with coloured 
media, 309 

—, Conversion from one system to another | 
in, 307 : 

— of reflecting surfaces, 384 } 

— on the monochromatic system, 306 

—, Proposed standard of field size and 
intensity for, 314 (45) 

—, Standard of white for, 313 (27) 

Colour, Measurement of (see Colorimetry). 

—, complementary (see Complementary 

colours). | 
—, Effect of, on transmission factor, 117 
—, — —, — visual acuity, 54 | 


—, — — repeated reflection on, 112 

—, Excitation values of a, 303 

— of luminous flux, Definition of, 467 

—-—modern illuminants on monochro- 

matic system, 313 (31), 
480 
trichromatic system, 314 
(39), 480 

— — stars, Measurement of, 430 

—, Recognition of, at low intensities, 67 

—, — —, in point sources of light, 69 

— adaptation of eye, 313 (27) 

— difference, Effect of, on contrast sensi- 

tivity, 264 (5) 

—w—perceptible by eye (F. perception 
differentille des couleurs; G. Far- 
benunterscheidung), 66 

— fields for eye, 58 

— filter and lamp combination for colour 

temp. scale (F. écran coloré ; G. 


farbiges, or gefdrbtes, Filter), 
290 (13) 
— — — photo-electric cell as artificial eye, 
330 


——, Care of, in the photometric labora- 
tory, 448 
— —, Error due to diffusion in, 181 
— — for eliminating stray light in spectro- 
photometry, 277 

— — — heterochromatic photometry, 243 

— illumination photometry, 359 | 

— imitating sensitivity curve of eye 

(visibility curve), 296, 320 

— measuring colours of stars, 430 

— photo-electric photometry, 330 

— — — testing photometric observers, 263 

aa a se in spectrophotometry, 288 

—,—, Spectrophotometry cf, 387 

—-—, Variable, 244 

—matching, Accuracy of 
egalisation® des couleurs ; 
vergleichung), 273 


| 
visual (F. | 
G. Farben | 
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Colour matching by photo-electric cells, 330 
—mixer (F. appareil de mélange des 
couleurs; G. Farbenmischapparat), 
313 (32) 
— screens (see Colour filters) 
— sensitivity of eye (F. and G., see Chro- 
matic sensit.), 64 z 
—solutions for testing photometric 
observers, 263 
— specification by colour charts, 309 
— —-— monochromatic interval spectro- 
photometry, 310 
— — of a surface, 384 
—temperature (F. temp. de couleur 
équivalente ; G. Farbtemperatur), 
270 
— — and efficiency of electric lamps, 272, 
290 (11) 
— — of modern illuminants, 478 
— — — selective radiators, 38, 271 
—w—scale by means of lamp and blue 
glass, 290 (13) 
ee leucoscope, 273 
—triangle (F. triangle de Maxwell ; G. 
Farbendreieck), 303 
— vision of photometric observers, Testing, 
263 
— —. Theories of, 71 
Coloured chemical solutions for hetero- 
chromatic photometry, 245 
— glass filters, Effect of temperature on, 
243 
Commission Internationale de lEclairage 
(see International Commission on Illu- 
mination). 
Comparison lamp, Definition of (F. lampe a 
comparaison ; G. Zwischenlicht- 
quelle, or Vergleichslampe), 466 
—~ — for photometry, 140 
— -— in bench photometry, 161, 165 
Compensated test surfaces for illumino- 
meters, 343 
Compensation, or mixture, photometer 
(F. phot. a compensation, or ph. a mélange ; 
G. Kompensations-( Mischungs-)ph.), 236 
Complementary after-image in vision, 70 
— colours, Effect of colour adaptation of 
eye on (F. couleurs complémen- 
taires ; G. Komplementdarfarben). 
313 (34) 
— —, Frequencies of, 313 (34) 
— on the MAXWELL triangle, 303 
— hues, Definition of, 467 
Complete radiator (see Black body). 
Composite light, Nature of, 45 (11) 
Conditions for colorimetric measurement, 
314 (45) 
— — flicker photometry, 259 
Cones in human retina (F. 
Zapfen), 50 
Conroy’s photometer, 3 
Constancy of electric lamps as standards or 
sub-standards, 136, 447 
Constant deviation prism, 24 
— — spectrometer, 274 
Constants of radiation, 46 (41) 
Contrast in vision, 70 
Simultaneous, in 
photometry (EF. contraste 
G. simultaner Kontrast). 236 


céne; G. 


heterochromatic 
simultane ; 


INDEX 


Contrast tolerable to normal eye, 78 (30) 

~ ~~, Photometer head with variable, 158 

—form of Lummer-BropHuN head (ik, 
phot. ad contraste ; G. Kontrastphotos 
meter), 157 

— method of heteroghromatic photometry, 
81 (86) 

— photometer, Grzecuus’, 188 (24) 

— —, Kriss’, 189 (34) 

-— poeple applied to Bunsren head, 


— sensitivity of eye (F. sensibilité au con- 

pe > G. Unterschiedsempfindlichkeit), 

Conversion from one system of colorimetry 
to another, 307 

_——— trichromatic system to another, 
298 : 

— factors for photometric units (F. facteur 
de transformation, or conversion; G. 
Ubersetzungskoeffizient), 470 

Co-ordinate paper, Sine or cosine, 120 

(20) 
Cornea of eye (EF. cornée ; G. Hornhaut), 
49 
Cornv’s “ cat’s eye,”’ photometer, 183 
Corona, Measurement of brightness 
sun’s, 430 
Correction for perscnal error in bench 
photometry, 167 
—-— prismatic dispersion 
photometry, 276 
—-— thickness of absorbing filter, 23, 
182 

— — — — photometer screen, 163 

Cosine cubed law of illumination, 97 

— error in photometry, 151, 164, 187 (14), 
196, 252 

— law of emission (F. loi du cosinus; G. 

Kosinusgesetz), 100 

— — — illumination, 96 

root Of 69 

— — photometers. 182, 252 

Critical frequency (F. fréquence critique ; G. 

Verschmelzungsfrequenz), 62 
— — curves for lights of different colours, 
249 
—-—method of heterochromatic photo- 
metry, 249 
CRITTENDEN and Rosa on pentane lamp, 
129 

Crookes’ photometer, 4 

radiometer as photometer, 334 (6) 

Crova’s boiling zine standard of light, 
14 (65) 

— photometer, 192 (88) 

— spectrophotometer, 282 

— wave-number (wave-length) method of 

heterochromatic photometry, 240 

Cube as photometric integrator, 225 

—, Integrating, as comparison source, 

—, Lummer-Bropuun, 155 | 

Cube photometer (see Integrating cube). 

Current and candle-power relationship for 
electric lamps, 481 

—, Dependence of, on voltage in photo- 

electric cell, 329 
Cylindrical source, Radiation from, 104 
CZUDNOCHOWSKI’S mixture photometer, 
237 


of 


in spectro- 


22] 


“a 


| 
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Dachphotometer, WEBER’s, 3 


_ Dark current in photo-electric cells (F. 


courant d’obscurité ; G. Dunkeleffekt), 331 


Daylight attachment for illumination 
photometers, 367 
—factor at an indoor point (G. 


Tageslichtquotient), 365 

— —, Calculation of, 370 

— —, Measurement of, 368 

— filter for illumination photometry (G. 

Tageslichtfilter), 359 

— — — heterochromatic photometry, 243 

— illumination, Measurement of, 364 

Dercoupwn’s photometer, 10 (11) 

Defining equations for photometric quanti- 
ties, 461 B 

Definitions of photometric quantities, 461 

Densitometry of photographic plates (F. 
densitométrie ; G. Schwdrzungsmessungq), 
391 

Density, Photographic, Definition of (F. 
densité, or noircissement ; G. Schwidrzung, 
or Dichte), 407 (54) 

DESAINS and PRroyostayn’s photometer, 4 

Detail, Rate of perception of, 62 

Deviation of light by prism (G. Abweichung), 
21 

Diaphragmed source, Photometry of, 108 

Diaphragm method of stellar photometry 

(EF. méthode a diaphragme, or a grillage ; 
G. Blendenmethode), 425, 431 (8) 


| — photometers, 182 


Disp1n’s hand photometer, 352 
— pentane lamp, 5 
Differential spectrophotometer, 279 


| Diffraction in spectrometer (G. Ablenkung), 


278 
— grating 
Gitter), 25 
Diffuse emission, 100 


(F. réseau de diffraction ; G. 


| — illumination, Definition of (F. éclairage 


diffuse ; G. zerstreute, or diffuse, 
Beleuchtung), 466 
—reflection factor (F. facteur de reéfl. 
diffuse ; G. diffuses Reflexions 
vermogen), 110, 114 
— — —, Definition of, 464 
— — —, Measurement of 378 
— —from opal glass and white celluloid, 
342 
— —, Theories of, 114 
— transmission (I. transmission diffuse , 
G. diffuse Durchlassigkeit), 118 
— — factor, Measurement of, 390 
Diffuser, Perfect, 100 
Diffusing power (F. pouwvow diffusif, or 
pouvoir de diffusion; G. Streuver- 
mogen, or Lichtstreuvermdgen), 118 
— surface or medium, Definition of (F. 
diffuseur ; G. streuende Fldche),465 
— — for illuminometer test surface, 342 
— — — use in photometry, 115 
—. — of various forms, Radiation from, 102 
Diffusion, Atmospheric, 119 
— in absorbing filters (G. Sirewung), 181 
— — illumination system, Measurement of 
degree of, 363 
Disappearing filament pyrometer (I. pyro- 
metre a filament disparaissant ; G. 
Gliihfadenpyrometer), 135 
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Discharge tubes as radiators (F. tube de 
_décharge ; G. Entladungsréhre), 39 

Discrimination of colour by eye, 66 

— threshold for coloured lights (F. senst- 
bilité differentielle pour les couleurs ; G. 
Unterschiedsempfindlichkeit gegen Farben- 
tone), 264 (5) 

Disc, Sector (see Sector disc). 

Disc, Forms of Bunsen, 153 

— source, Radiation from, 102 

Dispersion by refraction (G. Zerstreuung), 

24 


—, Effects of prismatic, in spectrometer, 
276 
— photometer (F. ph. a dispersion ; G. 
Dispersionsphotometer), 183 
Distribution of candle-power in horizontal 
or vertical plane, 194 
— of electric supply in photometric labora- 
tory, 435 
— curve, Definition of (F. courbe de réparti- 
tion lumineuse ; G. Lichtverteii- 
ungskurve), 466 
— — of candle-power, 88 
Diversity factor of illumination system (F. 
coefficient de wuniformité; G. Ungleich- 
formigkeit der Beleuchtung), 363 
Dominant wave-length, Definition of (F. 
longueur Wonde dominante ; G. repra- 
sentierende Wellenlange), 467 
Double-image prism, 29 
Double refraction (G Dopyelbrechung), 27 
Double-weighing (substitution) method of 
photometry (F. méthode a double pesée, 
or a. substitution;  G. Substitutions- 
methode), 161 
Dove’s polarisation photometer, 4 
Dow on flicker frequency, 63 
— cosine flicker photometer, 252 
— — photometer, 192 (87) 
Draper’s platinum standard of light, 14 
(65) 
Dry cells for illumination photometers, 358 
Duppin@ and PaTrERSsON on pentane lamp, 
128 
Duplicity theory of colour vision 
Duplicitdtstheorie), 72 
Duration, Effect of, on visibility of point 
sources of light, 70 
— period for flickering illumination, 62 
Dyxkns’ integrating photometer, 205 


(G. 


Easrman-Kopak acetylene lamp 
standard, 139 
— photometric filters, 243 
Edge of searchlight beam, Definition of, 
423 (11) 
Epaerron standard lamp, 13 (49) 
Kpinsuran photometer bench, 187 (6) 
KpripGe-GReeEn theory of colour vision, 73 
Kffective (apparent) candle-power, Defini- 
tion of, 467 
— wave-number (wave-length) 
meter glass, 135 
—light centre of cylinder (F. centre, or 
point, lumineux equivalent ; 
G. Lichischwerpunkt), 104 
— — — — dise, 102 
— flame, 106, 169 


es sub- 


of 


pyro- 
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Effective light centre of gas mantle, 104, 
169 
— — — — rectangle, 105 


—— — — screened source, 108 

—— — — sphere, 122 (52) 

squirrel-cage filament, 107 

Efficiency, Luminous, of electric lamp (F. 
rendement lumineux ; G. Okonomie, or 
spezifischer Verbrauch). 318 

Electric are standard of light, 131 

— circuits to photometer bench, 439 

— equipment for photometer room, 437 

— filament lamp as standard of light (F. 

lampe a incandescence ; 

G. Glihlampe). 6, 135 

spectral distribution, 272 

— — — — sub-standard of candle-power, 

137 


| ———, Characteristic equations for, 481 
| —.—-—, Constancy of, as sub-standards, 


136, 447 

— — —, Life testing of, 451 

— supply for photometric laboratory, 435 

Electro-luminescence, 33, 39 

Electrolytic dissociation theories of colour 
vision, 74 

Electromagnetic theory of light, 31 

Electrons, Function of, in light emission, 
32 

Ester and Gerrew’s photo-electric cell, 
325 

Etster’s block photometer, 160 

Emission from selective radiators, 38 

Emissivity of black body (F. pouvoir 
émissif ; G. Strahlungsvermégen, or 
Lichtabgabe), 3 

Enamelled iron 
surface, 342 

Equality of brightness method of photo- 
metry (see Steady comparison method) 
(F. methode d egalité déclat ; G. Methode 
gleicher Helligkeit). 

Equations, Characteristic, of lamps (see 
Characteristic equations). 

Equi-lux curves (F  courbe ¢équilux ; G. 
Isoluxkurve), 98 

Error, personal, Allowance for, in bench 
photometry (F. erreur personnelle; G. 
Beobachtungsfehler), 167 

Evans’ photometer bench, 187 (6) 

Excitation values of a colour (F. degré 
@excitation ; G. Hichwert, or Valenz), 303 

Exposure, Effect of irregularity of, on 
flicker photometer speed (F. temps de 
pose, or @exposition ; G. Expositionszeit), 
257, 260, 268 (85). 

Extinction coefficient (F. coefficient @extinc- 
tion ; G. Hetinctionskoeffizient), 124 (85) 

— photometer (F. ph. @ disparition ; G. 
Extinctionsphotometer), 2 

Extraordinary ray in double refraction (F. 
rayon extraordinaire ; G. ausserordentli- 
cher Strahl), 27 

Eye, Accomodation of, 49 

—, Adaptation of, to colour, 313 (27) 

light, 54 

, Brightness difference perceptible by, 52 

—, Colour difference perceptible by, 66 

, — fields for, 58 ‘ 

, Dioptries of, 75 (3) 


as illuminometer test 


oe 


INDEX 


Eye, Effect of adaptation of, on complemen- 
. tary colours, 313 (34) 

—, Fatigue of, in photometry, 316 

—, Inability of, to make absolute measures, 


146 
—, Limits of light awd colour perception 
for, 67 


—, Photochromatic interval for 68 

—, Sensitivity curve of (see Luminosity of 
radiation). 

—, Structure of, 48 

—, Threshold of stimulation for, 67 


Fasry and Butsson microphotometer, 394 
— coloured solutions for heterochromatic 
photometry, 245 
Factor of utilisation (see Utilisation factor). 
Fatigue of eye in photometry, 316 
FrcuNER’Ss fraction’(F. fraction de F.; G. 
Unterschieds-Schwellenwert), 52 
— -—ajin presence of colour difference, 264 
(5) 
Fry acetylene standard, 14 (60) 
— pyrometer, 133 
Field of view, Effect of size and brightness 
of, in flicker photometry, 253, 
256, 259 
—-—-—., Proposed standard of size and 
brightness of, in colorimetry, 
314 (45) 
— — —, Rotation or reversal of, in photo- 
meter head, 238 
—— —, Types of, in spectrophotometers, 
277 
—-—-—, Use of bright surround for, in 
photometry, 185 
— — vision of eye for various colours (F. 
champ visuel ; G. Gesichtsfeld), 58 
Filament brightness, Measurement of. 402 
— lamp (see Electric filament lamp). 
Filter, Colour (see Colour filter) (F. écran, 
or filtre, coloré ; G. farbiges Lichtfilter). 
—, Neutral (see Neutral filter) (F. eran 
neutre ; G. farbloses Lichtfilter). 
Fixed distance method of photometry, 161, 
165 
Flame brightness, Measurement of, 402 
—sources, Adjustment of, for bench 
photometry, 169 
— —, Design of room for photometry of, 
446 
—-— _ Measurement of m.s.c.p. of, 221 
— —, Radiation from, 106 
Flashing lights, Visibility of, 70 
Fieminc-Episwan standard electric lamps, 
136 
Flicker, Ives and Kinassury’s theory of, 
63 
—, Sensitivity of eye to (see Flicker sensi- 
tivity of eye). 
—method of photo-electric photometry, 
330 
—— — — photometry, Comparison of, with 
steady comparison (equality 
of brightness) method, 262, 
295 
— — — —, Luminosity (visibility) curve 
by, 294 
e —_—_ —, Validity of, 253 
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Flicker photometer (F. ph. a scintillation, 
or a papillottement, or a élats, or a 
clignotement ; G. Flimmerphoto- 
meter, or Flackerphotometer), 250 

— —, ABADY and Smmrancr’s, 251 

— —, Bucusretn’s, 251 

— —, Dow’s cosine, 252 

— — for measuring illumination, 352 

— —, Guinp’s, 261 

— —,, Ivus-Brapy, 260 

— —, Ives’ polarisation, 261 

— —, Kriss, 252, 253 

gos Nationan Paystcan LABORATORY, 

ih ae 261 

| ——, Prunn’s, 253 

| ——, Roon’s, 261 

— —, Smimmancer-ABapy, 251 

ae speed, Hffect of irregularity 

| exposure on, 257, 260, 268 (85) 

| — — — for various colours. 256 

— —, Standard conditions for use of, 259 

i Theory of, 257 

— —, WHITMAN’S, 251 

| ——, Wrp’s, 251 

——, Yvon’s, 268 (87) 

— sensitivity of eye, 62 

—— — —, Effect of size of field on, 254, 

256, 259 

— spectrophotometer, 286 

Fluctuating sources, Photometry of, 184 

——, — — by photographic methods, 333 

—  —, Polar curve determination for, 200 

Fluctuations of daylight illumination, 364 

Fluorescence, 33, 41 

Flux, Luminous (see Luminous flux) (fF. 

flux lumineux ; G. Lichtstrom). 

Foot-candle, 95 

—, Definition of, 462 

“* Foot-candle meter,’ 354 

Foot-lambert, 101 

—, Definition of, 465 

Forced life-tests of electric lamps. 455 

Forrest arc as standard of light, 131 

Forsytun, Capy and Hyp on luminosity 

(visibility) curve, 295 

Foster pyrometer, 133 

Fovucautt’s photometer, 2 

Fovea centralis of eye, 51 

| Fox Tausor (see TALBOT). 

| Frame for tilting sources for polar curve 

measurements, 194. 

| FRAUNHOFER spectrophotometer, 269 

| Frequency, Critical (see Critical frequency). 

| —-in wave motion, 17 

FResNEL (unit of frequency), 45 (3) 

iweaes biprism, 22 

| ——, Use of, in photometry, 159 


of 


Gas calorimeter, Boys’, 444 
— equipment for photometer room, 443 
Gas-filled lamps as substandards of m.s.c.p. 
(F. lampe ad atmosphere gazeuse ; 
G. Gasfiillungslampe). 222 
— —, Effect of position on ¢.p. of, 230 (3) 
= —— rorauine,, 200) (16) 
— photo-electric cell, 43, 326 
Gas lamps as comparison lamps (I. lampe a 
gaz, or bec de gaz; G. Gasgliihlampe, 
or Gasbrenner), 140 


| 
| 
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Gas Jamps, Effect of calorific value on c.p. 
of, 190 (53), 444 


— —, —_ — humidity on c.p. of, 190 (54), 
445 

——, — — pressure on c.p. of, 190 (52), 
443 


— —, Life testing of, 449 
-— —, Measurement of, 
sphere, 221 ; 
— —, — —, on photometer bench, 169 
— pressure, Regulation and measurement 
of, in photometry (F. pression de gaz ; 
G. Gasdruck), 169, 443 
— supply for photometric laboratory, 443 
GEHLHOFF’S stellar photometer, 425 
— telephotometer, 398 
GeITeL and Exstur’s photo-electric cell, 
325 : 
GezecHus’ (Hfshuus’) contrast photo- 
meter, 188 (24) 
GiBBs and STanBuRy’s illumination photo- 
meter, 372 (14) 
GiRovup’s standard, 5 
GuAn’s polarising prism. 29 
— spectrophotometer, 282 
GuAN-THOMPSON prism, 29 
Glare (F. éblowissement ; G. Blendung), 57 
—, Veiling (G. Schleier - Blendung), 
58 


in integrating 


Glarimeter, 381 
Glass, Opal, as illuminometer test surface, 
342 
—~, Reflection factor of, 112 
—, Transmission factor. of, 117 
—— colour filters, Effect of temperature on, 
265 (31) 
— — — for use in heterochromatic photo- 
metry, 243 
GLAZEBROOK’S spectrophotometer, 282 
Globe photometer (see Sphere photometer). 
Gloss of paper, Measurement of (F. élat ; 
G. Glanz), 381 
— tester, TROTTER’S, 382 
Glow lamps, Electric (see Electric filament 
lamps). 
GOLDBERG wedge in photometry, 180 
Gold, Melting point of, 133 
GOLDHAMMER expression for luminosity 
(visibility) curve, 295 : 
Graded illumination, Method of producing, 
192 (80) 
Graphical representation of spectral reflec- 
tion or transmission curves, 289 
Graph paper, Sine or cosine, 120 (20) 
Grating, Interference or diffraction 
réseau ; G. Gitler), 25 
— form of neutral filter, 180 
— method of photographic stellar photo- 
metry (I. grillage), 428 
Grease-spot photometer (see 


(leks 


BunsEN 


photometer) (I". ph. a tache Whuile ; 
G. Fet/fleck photometer). 
Greenwich formula for photographic 


stellar photometry, 428 
Grey body radiation 
G. grauer Kérper), 38 
GRossE’s mixture (compensation) photo- 
meter, 237 
GutiLp’s flicker photometer, 261 
— spectrophotometer, 280 


(PF. 
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INDEX 


HaGeEn and RuBeEns’ method of measuring 
spectral reflection curves of polished 
surfaces 383 ‘ 

Hasertsma’s diagram of diffusing power, 
118 

HALDANE, BUTTERFIELD and TROTTER on 
pentane lamp, 128 

HALLWACHS effect, 42 

Hand photometer, Drppin’s, 352 

Harcourt pentane lamp, 5, 126 

Harrison’s “ Lightmeter,” 374 (38) 

— “ Lightometer,”’ 352 


— street photometer, 352 


Hartiey’s photometer for polar curve 
determinations, 195 

HaARTMANN’S microphotometer, 393 

Headlights, Photometry of (F. phare 
d automobile ; G. Automobilscheinwerfer), 
419 

HEFNER candle and system of units (I. 
bougie Hefner ; G. Hefnerkerze), 120 (10), 
470 

HEFNER lamp, 5, 129 

Helium standard of light, 6 

HELMHOLTZ’ colour mixer, 313 (32) 

— theory of colour vision (see YouNG- 

HELMHOLTZ). 

‘“* Hemeraphotometer,’ A. K. Taytor’s, 
368 f 
Hemisphere as photometric integrator (G. 

Halbkugel), 227 
Hemispherical intensity (c.p.), Mean (see 
Mean hemispherical intensity) 
— integrator for measuring flux in projec- 
tor beam, 422 

Herrvxe’s theory of colour vision, 74 

HESEHUS (see GEZECHUS). 

Heterochromatic photometry by direct 
comparison (F. photometrie 
hétérochrome ; G. heterochrome 
Photometrie), 237 

— — — spectrophotometer, 239 

— — , Fundamental necessity for, 235 

HILGER spectrophotometer (see NuTTING- 

HILGEr). 

Hohlraum (see Black body). 

HOLBORN-KURLBAUM optical pyrometer, 135 

Holder for lamps for photometric work 

(F. douille ; G. Fassung), 438 
HoLorHane “ Lumeter,” 353 
Homochromatic after-image in vision (F. 
image secondaire positive ; G. gletch- 
farbige, or positive, Nachbild), 70 

— field of view in spectrophotometers, 276 

Homogeneous radiation, 24 

Horizon, Effect of obscured, on outdoor 

Ulumination, 366 

Horizontal intensity (c.p.), 

Mean horizontal intensity). 

Horizontal candle-power distribution, 
Measurement of, 194 

— — — curve, Definition of, 466 

Housroun and KeNNELLY’s illumination 

photometer, 352 

Hue, Definition of, in colorimetry (F. 

teinte ; G. Farbton), 467 : 

— in monochromatic colorimetry, 306 

— sensitivity of eye, 66 : 

HUFNER rhomb, 160 

— spectrophotometer, 282 


Mean (see 


INDEX 


Humidity, Effect of, on c.p. of gas lamps 
(G. Feuchtigkeit), 190 (54) 


—, — —, on HEFNER lamp, 130 

——> — —, on pentane lamp, 128 

Huycuens’ construction for double refrac- 
tion, 27 4 : 


— theory of light, 16 

Hype, Forsyrue and Capy on luminosity 
(visibility) curve, 295 

Hypr’s sector disc, 178 

— verification of TaLBot’s law, 176 


Iceland spar, Double refraction in, 27 

Icosahedron as photometric integrator, 226 

Mluminants, Colours of modern, on mono- 

chromatic system, 314 (39) 
—, — — —, — trichromatic system, 313 
(31) 

Illumination as fundamental photometric 
quantity (IF. élairage, or éclairement ; 
G. Beleuchtung), 120 (2) 

—., Definition. of, 95 

—, Effect of, on visual acuity, 54 

— in searchlight beam, 415, 417 

—— in the open, Measurement of, 366 

—-, Method of measuring, 360 

-— charts, 375 (57) 

—curve (F. courbe déclairement ; G. 
Beleuchtungskurve), 97 

~~ photometer, Accessories for (F. lua- 

metre ; G. Beleuchtungsmesser), 357 

— —, Ammeter for, 357, 358 

-— —, Battery for, 357 

-— —, BECHSTEIN’S, 374 (33) 

— -—, Brensamin “ Lightmeter,’’ 374 (38) 

— —, B.E.S.A. specification for, 341 

-—— _ BLONDEL’S, (a) 352, (b) 372 (14) 

-—-—, BURNETT’S, 372 (14) 

-— —. Calibration of, 356 

— —, CALLOW’S, 372 (14) 

— —, Checking calibration of, 356 

-— ==, Chemical, 355 

- —, CLASSEN’S relative, 370 

--—, Drsptn’s, 352 

—-—, Dry cells for, 358 


-..—, Electrical measuring instruments 
for, 358 

— —, Everert-EpGcumBeE “ Luxometer,” 
351 


-— —, “ Foot-candle meter,’ 354 
— for measuring candle-power, 172 
— — — reflection factors, 378 
—- — polar curve determinations, 200 
, GIBBS and STANBURY’S, 372 (14) 
, Harrison’s “ Lightmeter,” 374 
, — *“ Lightometer,”’ 352 
, — portable, 352 
, — street, 352 
, HoLopHane “ Lumeter,’’ 353 
. Housroun and KENNELLY’S, 352 
, Krtss-WinGEn, 352 
, ‘ Lumeter,”’ 353 
, “* Luxometer,’’ 351 
-, MACBETH’S, 347 
, MaRSHALL’S “‘ Luminometer,”” 352 
-, Marrens’, 372 (14) 
Method of using, 360 
, Physical, 355 
. PREECE and TROTTER’S, 373 (19) 
. Relative, 368 


90 
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Mlumination photometer, Rumt’s, 372 (14) 
— —, Ryan’s, 372 (14) 
— —, Smarp-Miniar, 348 
— —, TAYLOR’s relative, 368 
— —, Test surfaces for, 342 
— —, THORNER’S relative, 368 
— —, TREZISH’S, 372 (14) 
— —, TROTTER’S, 350 
— —, — “ Luxometer,’’ 351 
— —, Tucn’s, 373 (14) 
— —, Voltmeter for, 358 
—  —, WEBER’S, 345 
— —, — relative, 368 
— —, WINGEN’S, 352 
-— tester, THORNER’S, 368 L 
Iluminometer (see Illumination photo- 
meter). 
Image, Brightness of optical, 109 
Incandescent electric lamps (see Electric 
filament lamps). 
— mantle lamps (see Gas lamps). 
Indicatrix of diffusion, 118 
Instantaneous candle-power measurement, 
184 
Instruments, Electrical measuring, for illu- 
mination photometers, 358 
—, — —, — photometer room, 442 
Integrating cube photometer (F. cube 
intégrante ; G. integrierender Wiirfel), 
225 
—hemisphere (F. hémisphére intégrante ; 
G. integrierende Halbkugel), 226 
Integrating photometer (see also Photo- 
metric integrator). 
——— BLONDEL’S, 205 
===) Iya, 20)s 
— —, Early forms of, 204, 232 (37) 


| —.—-, LEONARD’S, 205 


— —, MartTHeEws’, 205 
— -—, SAHULKA’S, 232 (37) 


| — sphere, Devices for changing lamps in 


(FE. sphére intégrante; G. inte- 
grierende Kugel), 219 
— — for use in testing laboratory, 219 
— — or cube as comparison source, 140, 221 
— —, Theory of, 205 
Intensity and size of field, Proposed stan- 
dard of, for colorimetry, 314 (45) 


| —, Luminous (see Candle-power). 


Interference of light waves, 25 

— bands in thin films (TatBot’s bands), 26 

— grating (F. réseau ; G. Gitter), 25 

— photometer, LummER’s, 184 

International agreement on unit of candle- 

power, 136 

— candle, 86, 130 

— Commission on Illumination (F. Comm. 
Int. de V Eclairage ; G. Int. 
Beleuchtungskommission), 
84, 130, 136 

— — — —, Definitions approved by, 461 


Intrinsic brightness or brilliance (see 
Brightness). 
Inverse square law (I. tot de Vinverse du 


carré ; G. photometrischer Ent- 
fernungsgesetz), 19, 95 

——, Departures from, due to size of 
source, 102 

— — —, Photometry based on, 147 

— —, Practical proof of, 121 (30) 


494 

Tonisation by collision in photo-electric cell 
(F. ionisation par chocs ; G. Stossionisa- 
tion), 43 

Tris of eye, 49 

Iso-candle diagram, 89 

Tso-lux diagram (F. courbe équi-lux; G. 
Isoluxkurve), 98, 194, 362 

Tvs’ (F. E.) colorimeter, 304 

Ives (H. E.) and Brapy’s flicker photo- 

meter. 260 
—— Kiyessury on luminosity  (visi- 
bility) curve, 295 

— — — theory of flicker, 63 

—— — photometer, 257 

— — — thermopile artificial eye, 321 

— curves of critical frequency, 249 

— form of black body standard of light, 135 

— — — neutral filter, 180 

— investigation of flicker method of 

photometry, 253 

— photo-electric cell, 327 

— polarisation flicker photometer, 261 

— spectrophotometer, 282 

— visibility template physical photometer. 
321 


JAMIN’S photometer, 4 

Jouy’s block photometer, 160 

Juxtaposed spectra type of field in spectro- 
photometers, 277 


Kmarss’ standard lamp, 12 (43) 
Ketviy (absolute) scale of temperature. 
144 (34) 
KENNELLY’S 
m.s.c.p., 92 

KENNELLY and Hovusroun’s illumination 
photometer, 352 

Kiyeaspury’s form of expression for 
luminosity (visibility) curve. 295 

— and Ives (H. E.) (see Ives and Krina@s- 
BURY). 

Kircunorr’s law, 33 

Koon’s microphotometer, 395 

Kopax acetylene lamp as sub-standard, 139 

— photometric filters, 243 

K6ni@ on luminosity of radiation, 64 

— — Marrens’ spectrophotometer, 281 

KONIGSBERGER’S spectrophotometer, 282 

Kris (J. von) theory of vision, 72 

Kuss’ contrast photometer, 189 (34) 

— flicker photometer, 252 

—-—form of LummeER-BropuuN photo- 

meter, 253 
—form of Bunsen photometer, 188 (19) 
LummMEr-Bropuun photometer, 


construction for finding 


157 
— mixture photometer, 265 (18) 
— -WinGEN illumination photometer, 352 
KurRLBAUM and LumMoer’s standard of 
light, 131 


LABORATOIRE CENTRAL D’HLECTRICITE, 137 
Lag in response of selenium bridge (KF. 
retard ; G. Trdagheit), 323 
— — visual sensation after illumination, 59 

Lambert (unit of brightness), 101 

—, Definition of, 464 

LaMBER?T’s law of diffuse emission, 100 
photometer, | 


INDEX 


Lamps, Mounting for, on photometer 
bench, 149 © ‘ 
—, Special sockets for, in photometric 
work, 438 
Least visible amount of radiation (F.seuil, or 
minimum perceptible ; G. Schwellenwert, 
or minimum sichtbare Strahlung), 68 
Leeson form of BunSEN disc, 154 
Lens, Brightness of. in Maxwellian view 
(F. lentille ; G. Linse), 109 
— and prism, Transmission of, 391 
— of eye, 49 
—, Refraction by, 22 
Lfonarp’s integrating photometer, 205 
Lfpryay and Nicati’s method of hetero- 
chromatic photometry, 242 
LeTHEBY photometer bench, 187 (6) 
Leucoscope. 244 
— method of establishing colour tempera- 
ture scale, 273 
Lichtkérper (F. surface charactéristique), 194 
LIEBENTHAL on HEFNER lamp, 130 
Life-Efficiency relation for electric lamps, 
458 (49) 
Life test of electric lamps (F. essai de durée ; 
G. Lebensdauer- (or Brenndauer-) 
prifung), 451 
— — — gas lamps, 449 
— — curve, 455 
— — —, Definition of, 466 
Light, Actinic, 18 
—, Definition of, 464 
—, Electromagnetic theory of, 31 
—, Frequency and wave-length of, 17 
—, MAXWELL’s theory of, 31 
—, Mechanical equivalent of, 296 
—, — — —, Definition of, 465 
—, Nature of, 16 
—, Quantity of, 464 
—, Ultra-violet, 18 
—, Velocity of, 16 
—, Wave theory of, 16 
— sources, Brightness, temperature, ete., 
of, 478 
—  —, Colours of modern, on monochro- 
matic system, 314 
(39). 480 
. — — —, — trichromatic 
313 (31), 480 
Lighthouse lenses, Photometry of, 418 
** Lightmeter,’” HARRISON’s, or BENJAMIN, 
374 (38). 
Lightometer,”’ Harrtson’s, 352 
Limit of visibility of point sources of light, 
68 
Line of demarcation, Necessity for fine, in 
photometer head (F. ligne de sépara- 
tion ; G. Trennungslinie), 3, 151, 155 
— source, Radiation from, 105 
— spectra (IF. spectre de lignes ; 
spektrum), 40 
— — for spectrophotometry, 288 
Linear thermopile, 319 
Lining-up lamp on photometer bench (F. 
mise au point ; G. Kinstellung), 165, 169 
LirrkeE and Swarr’s compensated test 
surfaces for illuminometers, 343 
— self-levelling test surface for illumino- 
meters, 360 
Locomotive headlights, Photometry of, 419 


system, 


G. Linien- 


INDEX 


Lovrsonp’s “ Tintometer,” 314 

‘Lumen, Definition of, 86 

Lumen-hour, Definition of, 464 

Sees a for ms.c.p. measurements, 

“ Lumeter,”’ HoLopHAnn, 353 

Luminescence, Different forms of, 33 

—, Measurement of, 401 

Luminescent surface for illumination photo- 

meter, 374 (45) 

“« Luminometer,’’ MARSHALL’S, 352 

Luminosity of radiation (F.  facteur 
de visibilité ; G.  Sichtbarkeits- 

. koeffizient), 63, 294 

-— — — by flicker method, 294 
— — — — step-by-step method, 295 
— — —, Solution to imitate, 320 
—— —, Table of values of, 471 
Luminosity curve of a source, Definition of, 
465 
Luminous “centre of gravity” of light 
source (see also Effective light centre) 
(EF. centre lumineux ; G. Lichtschwer- 
punkt), 224 
— discharge tube. Radiation from, 106 
— efficiency of source, Definition of (F. 
(rendement lumineux, or effica- 
cité lumineuse ; G. Wirkwngs- 
grad), 465 
— — — electric lamp, 318 
— flux, Definition of (F. flux lumineux ; 
G. Lichtstrom), 84 
, Measurement of (see 
photometer, and 
integrator). 
— -— jin projector beam, Measurement of, 
421 
— — measurement with photo-electric cell, 
337 (63) 

— intensity, Definition of (see also Candle- 
power) (I. intensité lumineuse ; G. Licht- 
stdrke), 84 

LumMMER and PrrinasHetm on black body 
radiation, 133 

LuMMER-BRODHUN 

157 

— cube, 155 

— photometer head, 156 

— spectrophotometer, 278 

LumMer-KURLBAUM standard of light, 131 

LumMeEr’s interference photometer, 184 

Lux, Definition of, 95 

“* Tuxometer,’’ TROTTER’S, 351 


(47) 


Integrating 
Photometric 


contrast photometer, 


Macseta illuminometer, 347 
Mach pE L&prnay (see L&PrINnay). 

Macula lutea (yellow spot) of eye, (G. 
gelber Fleck), 51 
Magnesium carbonate or oxide as illumino- 

meter test surface, 342 
Magnitude of stars, Definition 
grandeur ; G. Grdsse), 424 
MayorANa’s photometer, 3 
Mantle lamps (see Gas lamps) (F. manchon 
a incandescence ; G. Gasgliihkor per). 
—, Photometric centre of gas, 169 
MarsHawu’s “ Luminometer,” 352 
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Martens’ illumination photometer, 372 
(14) 
— photometer for photographie densito- 
metry, 392 
— — (non-polarising), 159 
— polarisation photometer, 173 
—spectrophotometer (see K6n1a-MarTENs). 
Mascart’s photometer, 192 (89) 
MarrHeEws’ integrating photometer, 205 
Matt surface for photometric integrators 
(E. surface mate, or diffusante ; G. 
mattierte, or matte, Oberfldche, or 
diffuse reflektierende Oberfldche), 
216 
— — for use in photometry, 115 
— —, Reflection at, 110. 114 
MAXwe v’s colour mixer, 314 (32) 
——triangle (F. triangle de 
Farbendreieck), 303 
— theory of light, 31 
Maxwellian view, 109 
in microphotometry, 394 
— — — spectrophotometry, 277 
Mean hemispherical intensity (c.p.), Mea- 
surement of, in integrating sphere, 
223 
— horizontal intensity (¢.p.) (F. intensité 
horizontale moyenne ; G. mittlere 
horizontale Lichtstdarke), 88 
———— =, Dennition on 464 
— — —, Measurement of, 202 
— lower hemispherical intensity 


Mea Ge 


(c.p.) 


(EF. int. moy. hémisphérique 
inférieure ; G. untere mittlere 
hemispharische Lichtstdarke) , 
87 


— — — —, Definition of, 464 
— spherical intensity (c.p.) (F. int. moy. 
sphérique ; G. mittlere sphdrische 
Lichtstiirke), 87 
— — — by measurement in one direction, 
231 (31) 
— — —, Dennition or 464 
—-—-—, Fundamental determination of, 
200, 204, 222 
— upper hemispherical intensity (c.p.) (F. 
int. moy. hémi. supérieure ; 
G. obere mitt. hemi. Lichtst.), 
87 
=, Dennitionron 1404 
— zonal intensity (c.p.), Measurement of, 
in integrating sphere (F. int. zonale moy. ; 
G. mitt. zonale Lichtst.), 223 
Mechanical equivalent of light (F. éguivalent 
méchanique de la lumiere ; 
G. mechanisches Lichtaquiva- 
lent), 296 
— — — —, Definition of, 465 
MECKLENBURG and VALENTINER’S nephe- 
lometer, 385 
Mess’ photometric filters, 243 
Meridian photometer, PICKERING’s, 425 
Merron and Nicnonson’s method 
photographic spectrophotometry, 333 
Mesophotometer, BLONDEL’S, 205 
Metallic oxide photo-electric cells, 831 
Methods of bench photometry, 161 
— — working on photometer bench, 165 
Meraven screen (I*. étalon-écran Methven ; 
G. Methvenschlitz), 5 
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Metre-candle (F. lougie-métre ; G. Meter- 
kerze), 95 
M.H.C.P. (see Mean horizontal intensity). 
Micron, 460 
Microphotometry, 393 
— of reflecting surfaces, 397 
Millilambert, 101 
—, Definition of, 465 
Milliphot, 95 
Millistilb, 122 (45) 
Mirror, Brightness of, when forming image 
at pupil of eye, 109 
— for use with Bunsen head, 152 
—, Reflection at spherical, 24 
— apparatus for polar curve measurements 
(G. Meridianapparat), 196 
— reflection factor (F. facteur de réflexion 
reguliere ; G. regelmdssiges Re- 
flexionsvermégen), 381 
—--—, Measurement of, in polar curve 
determinations, 199 
Mixed light on photometer surface, 154 
Mixer, Colour (F. appareil de mélange des 
couleurs ; G. Farbenmischapparat), 313 
(32) 
Mixture of lights, Result of, 298, 303 
—or compensation photometer (F. ph. a 
mélange, or & compensation ; G. Kom- 
pensations- (or Mischungs-) ph.), 236 
—curyes in colorimetry (F. courbe de 
mélange des couleurs ; G. Mischungs- 
kurve). 301 
Monochromatic colorimetry (F. colorimetrie 
a radiation simple ; G. monochroma- 
tische Kolorimetrie), 306 
— colour data for common light sources, 
480 
— field in spectrophotometry. 277 
Moors tube, Radiation from, 106 
Motor-car headlights, Photometry of (F 
phare d automobile ; G. Automobdil- 
scheinwerfer), 419 
Mounting for lamps on photometer bench, 
149 
M.S.C.P. (see Mean spherical intensity). 
MUueEr’s law in vision, 71 
Multidirectional illumination, Definition of 
(FB. éclairement multidirigé), 465 
Multiple reflection, Use of, in photometry, 
192 (86) 
MonsE1u colour system, 314 (47) 


Napoui-ABNEY sector disc, 176 
Narionan Puystoan LABORATORY colori- 
meter, 304 

— — — flicker photometer, 261 

— — — integrating sphere, 221 

— — — lamp rotator, 202 

— — — spectrophotometer, 280 

—. — — standards of candle-power, 136 

—— type of photometer bench, 148 

Natural light (see Daylight). 

Negative after-image in vision (F. image 
secondaire négative ; G. negative Nach- 
bild), 70 

Nephelometry (I.  néphélémétrie; G. 
Nephelometrie, or Messung des Tritbungs- 
grades), 384 


INDEX 


Neutral filters or wedges (F. filtre or coin 
neutre; G. Graufilter, or 
Graukeil), 179 
——— —-—, Diffusion. in, Est 
—-—jin illumination photometers, 347, 
_ 349, 352, 353, 356 
— — — Weser photometer, 172 
Nicati’s method of heterochromatic photo- 
metry, 242 : 
Nicnotson and Merron’s method of 
photographic spectrophotometry, 333 
Nicox prism, 29 
— — used for photometry, 173 
Nitometer (Brightness photometer), 403 
Non-spherical photometric integrators, 225 
N. P. L. (see Nationa PuysicaL LABora- 
TORY). 


| Null method of photo-electric photometry 


(F. méthode de réduction 4 
zéro ; G. Nullmethode), 330 
— — — — spectrophotometry, 389 
Nurrixe colorimeter, 307 
—on relation between adaptation and 
glaring brightness, 57 
— -HILcER spectrophotometer, 282 


Oblique reflection, Use of, for photometry, 
192 (86) 

Obliquity of light reaching photometer 

head (F. obliguité; G. 
Schiefe), 152, 164 
— — — — — — . Error due to, in polar 
curve measurements, 196 

—-— photometer head, Error due to (F. 
inclinaison ; G. Neigung), 164 

Observers, photometric, Testing colour 
vision of, 263 

Obstructions on horizon, Effect of, on out- 
door illumination, 366 

Opacimetry, 385 

Opacity, Definition of (G. Undurchldssig- 
keitsvermogen), 407 (54) 

Opal glass as illuminometer test surface (F. 
verre opalin ; G. Opalglas (pot opal), or 
Opaliiberfangglas (flashed opal) ), 342 

Opponent colours theory of vision (F, 
couleurs opposées ; G. Gegenfarben), 74 

Optical apparatus, Measurement of trans- 

mission of, 391 


|.— black, 157 


— pyrometer, 134 
Optic axis of doubly refracting crystal, 
28 

—nerve, 48 
Oscillation point of photometric 
balance (EF. oscillation 
or mouvement de va-et- 
vient ; G. Schwingung, 
or hin und her Bewe- 
gung), 148, 316 
Mechanical device for, 


about 


334 (2) 

Osrwaup’s colour system, 314 (47) 

Outdoor illumination, Effect of obscured 
horizon on, 366 

Out-of-focus method of photographic 
stellar photometry (F. méthode de Vimage 
extra-focale; G. Methode extrafokaler 
Bilder), 429 


INDEX 


Overshoot in vision, 60 
Oxide-coated filament 


os photo-electric cells, 


Paint for photometrig integrators (F. 
penture ; G. Anstrich), 216 

’ Palladium, Melting point of, 133 

Paper, Measurement of gloss of, 381 

—, — — translucency of, 406 (42) 

ee reflector, Photometry of, 411, 

Paraxial ray (F. rayon paraxial; G. 
Azxenstrahl), 23 

Parliamentary candle. 4 

ee and Dudding on pentane lamp, 

— lamp rotator, 202 

Pentane lamp (F. lampe ad pentane; G. 
Pentanlampe), 5, 126 

Perception of detail by eye, Rate of, 62 

—_— — — — — , Effect of brightness 
rate of, 62 

Performance curve, Definition of (F. courbe 
de performance ; G. Leistungskurve), 466 


on 


Peripheral vision (F. vision périphérique ; | 


G. peripherisches Sehen), 58 

Persistence of vision (G. Nachdauer der 
Lichtempfindung), 62 

Personal error, Correction for, in bench 
photometry (F. erreur personnelle; G. 
Beobachtungsfehler), 167 

PETAVEL On VIOLLE standard, 131 

Prtnp on selenium bridges, 323, 324 

Prunp’s flicker photometer, 253 


Phosphorescence (see also Luminescence) , 


Phot, 95 

Photo-chemical theories of colour vision, 
74 

Photochromatic interval of eye (F. inter- 
valle photochromatique;  G. farbloses 
Intervall), 68 

Photo-electric cell and colour filter as 

artificial eye (F. pile, or cellule, 


photoélectrique ; G. lichtelektrische | 


Zelle), 330 
— — for microphotometry, 395 
— — — photometry, 325, 330 
— — Fatigue of (F. fatigue photoél. ; G. 
lichtel. Ermiidung), 326 
— —, Voltage-current curve for, 329 
— — with oxide-coated filament, 331 
— flicker method of measuring transmis- 
sion, 390 
Photo-electricity (F. photoélectricité; G. 
Lichtelektrizitat), 42 
Photo-electric null method of photometry, 
330 
— — — — spectrophotometry, 389 
— stellar photometry, 429 
— theories of colour vision, 74 
Photographie densities, Measurement of, 
392 
— —, ——,, by photo-electric cell, 390 
—- methods of stellar photometry, 427 
— photometry, 331 
— sensitometry, 392 
— spectrophotometry, 333 
Photo-luminescence, 33, 41 


Pe 
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Photometer (see also Illumination photo- 
meter, Photometer head, Relative 
photometer, Stellar photometer) (F. 
photometre ; G. Photometer, or Licht- 
messer). 

—, Absolute, 147 . 

—, Acuity (see Acuity photometer). 

—, ARAGO’s, 3 

—, ARNOUX, 192 (87) 

—, AYRTON and PERRy’s, 183 

—, BABINET’s, 4 

— based on persistence of vision, 78 (47) 

——-— pupillary diameter, 55 

—, BEcQuEREL’s, 4 

—, BEER’s, 3 

—, BrRNARD’s, 4 

—, BLonpEt and Broca’s, 192 (89) 

—, BoucuEr’s, 1 

—, Classification of types of, 147 

—, Cosine, 182 

—, Crooxss’, 4 

—, Crova’s, 192 (88) 

— depending on multiple or oblique reflec- 
tion, 192 (86) 


—. Dispersion, 183 
| —, Dove’s polarisation, 4 
| —, Dow’s cosine, 192 (87) 
| —, Early forms of, 187 (11) 
—, Extinction, 2 
—, Flicker (see Flicker photometer). 
—for measuring photographic densities, 
392 ; 
—, Foucav.t’s, 2 
—, JAMIN’S, 4 
—, LAMBERT’s, 1 
| —, LummeEr’s interference, 184 
| —, Martens’ polarisation, 173 
, Mascart’s, 192 (89) 
, Polarisation, 3, 172 
Portable (see also Mlumination photo- 
meter), 171 
, PROovosTAYE and DssaIns’, 4 
. PULFRICH’S, 184 
, QUEEN transportable, 190 (57) 
, Relative (see Illumination photometer 
and Relative photometer). 
Relative merits of different forms of, 185 
—, RuMFORD’S, 1 
, SALOMONS’, 4 
| —, Stellar (see Stellar photometer). 
Stereoscopic, 184 
. Transportable forms of, 171 
Variable diaphragm (F. ph. a dia- 
phragme variable; G. Diaphragmen- 
(or Blenden-) photometer), 183 
-, WeBur’s, 172, 175 
—, Wedge, 179 
—, WHEATSTONE’S, 78 (47) 
—, Winp’s polarisation, 4 
—, ZOLLNER’S, 4 
Photometer bench (F. bane photometrique ; 
G. Photometerbank), 147 
-— carriage, Essentials of (I. chariot ; 
G. Wagon), 148 
. Early forms of, 187 (6) 
, EpryBurGH, 187 (6) 
, EVANS, 187 (6) 
, Graduation of, 148 
, LetHEsy, 187 (6) 
— —, Recording device for, 190 (49) 
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Photometer field, Rotation or reversal of 

_ (F. champ de vue photometrique ; 

G. photometrische Gesichtsfeld), 238 

— —, Need for fine line of division in, 3, 
151, 155 

Photometer head, Adjustment of, to avoid 
cosine error (F, photométre; G. 
Photometer), 164 

— —, Block, 160 

— —, Bortuz’s, 192 (87) 

— —, Bropuun (see LuMMER-BRODHUN) 

— —, BuNsEN’s, 4, 152 

— —, Conroy’s, 3 

— —, Contrast, 152, 157, 189 (34) 

—-—, Dach (Roof), 3 

— —, Etsterr’s block, 160 

— —, Error due to thickness of screen in, 

163 

, —— — twist or tilt of (see Cosine 

error). 

——, Essential parts of, 147 

— —, Faults in design of, 151, 154, 163 

——, GxnzEcuus (Hfis&nus) contrast, 188 

24) 

——s ae) block, 160 

— —, Kriss’ contrast, 189 (34) 

——, Lummer-Bropuun (F. ph. a com- 
paraison directe; G. Gleichheits- 
photometer), 155 

— —, — contrast (F. ph. a contraste; G. 
Kontrastphotometer), 157 

——, Masorana’s, 3 

——, Marrens’, 159 

— -—, Need for fine line of division in, 3, 
151, 155 

— —, Part-silvered mirror, 188 (29) 

—-—, Requirements of good, 147, 
155 

— —, Ritcnin’s, 3 

——, Roof, 3 

— —, THOMPSON-STARLING, 3 

— —, TROTTER’S, 3 

—-—, WeBrER’s Dach (roof), 3 

Photometer, Integrating (see Integrating 

photometer and Photometric integrator) 
(F. ph. intégrante ; G. Lichtstrommesser). 

Photometer screen (F. éecran photometrique ; 
G. Photometerschirm), 152 

— —, Correction for thickness of, 163 

Photometric balance, Mechanical oscilla- 

tion about, 334 (2) 
— integrator (see also Integrating sphere, 


151, 


cube, etc.) (F. appareil photo- | 


métrique integrateur ; G. 
metrischer Hohlkérper), 205 
— —, Error due to absorption by objects 
within, 215 
— —, — — — colour of paint in, 218 
— — for measuring total flux in projected 
beam, 421 
— -—, General principles governing use of, 
228 
—-~, Non-spherical forms of, 225 
— —, Special room for, 448 
— — with photo-electric cell, 337 (63) 
Photometric observers, Testing colour 
vision of, 263 
— sensitivity, Effect of brightness of field 
of view on (F. sensibilité photometrique ; 
G. photometrische Empfindlichkeit), 185 


photo- 


| 


INDEX 


Photometry based on contrast sensitivity, 
81 (86) 
—., Factors affecting accuracy of, 315 
—on bench, Method of procedure for. 
165 
—room, Equipment of (F. salle de photo- 
métre ; G. Photometerraum), 437 
— —, Size of, 435 
Photon (unit of retinal illumination), 52 
Photoped, 187 (4) 
Photo-visual method of stellar photometry 
(F. méthode photo-visuelle), 429 
Physical method of finding spectral trans- 
mission curves, 389 ; 
—photometers for finding photographic 
densities (F. photométre physique ; 
G. objectives Photometer), 393 
— — for polar curve measurements, 200 
PHYSIKALISCH - TECHNISCHE REICHSAN- 
STALT, 137 
PICKERING’s meridian photometer, 425 
Pile of plates, Transmission factor of, 117 
Planckian radiator (see Black body). 
PLANCK’s radiation formula, 36 
—— wand Wien’s. Difference between, 
144 (46) 
Plane of polarisation, Determination of, 
with Martens’ photometer (F. 
plan de polarisation ; G. 
Polarisationsebene, or Schwin- 
gungsebene), 175 
——w—.,Effect of, on  photo-electric 
current, 43, 326 
—— —, —, —, — reflection factor, 112, 
404 (17) 
Plaster of Paris as illuminometer test 
surface (F. pldtre de moulage ; G. Gips), 
342 


Plate, Effective shortening of light path by, 
23 
—, Transmission factor of (F. 
Platte), 117 
Platinum standard of light, 130 
PLEIER’s formula for daylight calculation, 
370 
Plotting spectrophotometric data, 289 
Plumb line for alignment of lamp on bench 
(EF. plomb ; G. Lot), 166 
Point source of light, Definition of (F. 
source ponctuelle ; G. leuch- 
tende Punkt), 85 
—— — —, Visibility of, 68 
PoLack and Broca on visibility of coloured 
point sources, 69 
Polar curve (see also Candle-power distribu- 
tion curve), 88, 194 
— —, Definition of, 466 
——, Determination of, by photographic 
methods, 333 
— — of dise and line, 108 
—— apparatus, 194 
—-——measurements, Error in, due to 
obliquity of light at photometer, 196 
Polarisation of light, 28 
— — —, Effect of, on reflection factor, 112 
-— — by reflection, 31, 112, 382 
—-—-—, Error due to, in spectro- 
photometry, 285 
—-—-, Determination of plane of, with 
MARTENS’ photometer, 175 


lame ; G. 
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Polarisation of light in polarisation pho- 
tometers, 175, 404 (17) 

—-——, Error due to, in spectrophoto- 

metry, 286 : 

—-—-— by quartz, Use of rotatory, in 
photometry, 244 

— photometers, 17 

— —, Early forms of, 3 

— —, Errors in, 175 

— —, Martens’, 173 

— spectrophotometry, 281 

Polarised light, Nature of, 28 

Polarising angle for glass (F. angle de 

peuaeaner ; G. Polarisationswinkel), 31, 

Polished shades or reflectors, Photometry 

of, 422 
ee as illuminometer test surface, 
42 

Portable light standard for illumination 
photometers, 347, 356, 359 

— photometer benches, 171 

—photometers (see also Illumination 

photometers) (F. luxmétre, or ph. 
transportable ; G. tragbares Ph.), 
171 

— — for polar curve measurements, 200 

— reflectometer, 380 

Position, Effect of, on gas-filled lamps 
(G. Stellung), 230 (3) 

— of lamp in integrating cube, 225, 229 

—_— — — — — sphere, 208, 229 

Positive after-image in vision (F. image 

secondaire positive ; G. positive Nachbild), 
70 

Potential (see also Voltage) (F. potentiel ; 
G. Spannung). 

— and candle-power relationship for elec- 
tric lamps, 481 

—regulator for life-testing of electric 
lamps (F. régulateur de tension ; G. 
Spann ungsregler), 453 

— variations, Methods of compensating, 

44] 
Power supply to photometric laboratory, 
435 

Precision (see Accuracy). 

Pressure, Effect of, on candle-power of 
gas lamps (F. pression de gaz; G. 
Gasdruck), 190 (52), 444 

—., Electrical (see Potential or Voltage). 

— regulator (F. régulateur de pression ; G. 

Gasdruckregler), 443 
Priest’s leucoscope, 244 
Primary luminous standard, Definition of 
(F. étalon primaire de lumieére ; 
G. primare Lichteinhert), 466 
— — —, Requirements for, 126 
Prinasuem™m and Lummer on black body 
radiation, 133 
Prismatic dispersion, Effect of, in spectro- 
metry, 275 

Prism, Constant deviation (f. prisme a 
déviation constante ; G. Prisma mit 
fester Ablenkung), 24 

—, Refraction by, 21 

——, Transmission factor of, 118, 391 

PRITCHARD’S wedge photometer (I. ph. a 

coin absorbant ; G. Keilphotometer), 426 

Procedure in bench photometry, 165 


| 
| 
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Projection apparatus designed for parallel 
rays, Photometry of (F. appareil 
de wprojection ; G. Projektionsap- 
parat), 416 

— —, Photometry of, 411, 419 

— —, Track for photometry of, 449 

Projector beam, Measurement of flux in 

re faisceau lumineux ; G. Lichtbiischel), 
4 

— system, Brightness of, 109 

PRovostayeE and Dxsatys’ photometer, 4 

Psychological factor in visual photometry, 

315 
(see PHYSIKALISCH-THCHNISCHE 
REICHSANSTALT). 


_ PuLFRIcH’S stereoscopic photometer, 184 - 
| Pupillary diameter, Effect of, on retinal 


illumination (F. diamétre de la 
pupille ; G. Pupillendurchmesser, 
or Pupillenweite), 52, 55 
— —, Methods of measuring, 77 (21) 
Purity of colour, Definition of (F. pureté ; 
G. Reinheit), 467 : 
— -— —. Measurement of, 307 
— — —, Sensitivity of eye to change in, 67 
— — spectrum, Effect of slit-width on, 275 
PURKINJE (see PURKYN&). 
PuRKYNE effect, 65 : 
— -—in heterochromatic photometry, 236 
— — — photographic plate, 428 


| ——, Reversal of, in flicker photometer. 


253 

Purple light expressed on monochromatic 
system of colorimetry, 306 

Purple, Visual (F pourpre reétinien ; G. 
Sehpurpur), 50 

Pyrometers for temperature measurement, 
133 


Quality of luminous flux, Definition of, 467 

Quantity of light, Definition of (F. quantité 
delumiere ; G. Belichtung, or Lichtmenge), 
464 

Quantum theory of radiation (I. théorie des 
quanta ; G. Quantentheorie), 36 

Quartz, Use of rotatory polarisation of, in 
photometry, 244 

QUEEN transportable photometer, 190 (57) 


Xadial photometer, 195 

Radiant flux, Definition of (F. flux radiant ; 
G. Energiestrom), 464 

Radiation, Black body (F. radiation du 

corps noir ; G. Lichtausbeute des Ideal- 
strahlers), 33 

—, Pressure of, 34 

—, Thermodynamics of, 34 

— constants, 46 (41) 

—pyrometers (Ff. pyrometre a radiation ; 
G. Strahlungspyrometer), 133 

Radiator, Cavity, Complete, 
Planckian (see Black body). 

Xadio-luminescence, 41 

Xadiometer as physical photometer, 334 (6) 

Radiomicrometer, 319 

Rasterphotometer, 373 (32) 

Raumwinkelmesser, 376 (74) 

RAYLEIGH-J EANS radiation formula, 36 

Reciprocity law in photography (F. loi de 
réciprocité ; G. Reziprozitatsgesetz), 331, 
338 (76) 
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Recording device for photometer bench, 
190 (49) . 

— photometers, 332 

Rectangular source, Radiation from, 105 — 


Redirecting surface or medium, Definition | 


of, 465 

Reducing screens (see Neutral filters). 

Reduction factor, Definition of (F. facteur 
de réduction sphérique ; G. Reduk- 
tionskoeffizient der sphdrischen 
Lichtstdrke), 464 

— — of disc and of line, 107 

— — — HEFwer lamp, 142 (21) 

— — — luminous source, 88 

Reference standard (see Sub-standard) (G. 

Bezugsnormale). 

Reflection, Diffuse (see Diffuse Reflection). 

—, Effect of repeated, on colour, 112 

—, Error due to polarisation by, in spectro- 

photometry, 285 

—. Laws of, 19 

—, Polarisation by, 31, 112, 382 

=» Total, 20 

—, Use of multiple or oblique, for photo- 

metry, 192 (86) 

— curves, Spectral, 293 (67) 

—factor (F. facteur de réflexion ; G. 
Reflexions-vermégen, or Riickstrah- 
lungsfaktor), 110 

— —, Definition of, 464 

—  —, Measurement of, 377 

—  — of common substances, 476 

— — — glass, 112 

—-—-mirror used for polar 

measurements, 199 
— — — small surfaces. 397 
Reflectometer (F. réflectométre ; G. Reflekto- 
meter), 378 
Reflectors, Polished, Photometry of (F. 
réflecteur poli; G. polierter Lampen- 
reflektor), 422 

Refraction, Double, 27 

—,—, prism, 29 

—, Laws of (G. Brechung), 19 

Registering microphotometer, 395 

Registration, Automatic, of photometer 

readings, 189 (49) 
Regular reflection (I. réflexion réguliére ; G. 
regelmdssige Reflexion), 110, 112 
Regulator for potential, Automatic, 441 
— — — on life-test racks, 453 
Relative photometers for daylight measure- 
ments (see also Illumination photometers) 
(F. ph. rélatif ; G. Relativphotometer), 368 

Xeproducibility of judgment in flicker 
photometer, 255 

measures with small colour differ- 
ences, 237 

Resolving power of eye (F. pouvoir sépara- 
teur ; G. Aufldsungsvermédgen), 51 

Xetina of eye (F. rétine ; G. Netzhaut), 49 

Reversal of field of view in photometer, 
238 

Reversed PurKyN» and yellow-spot effects 
in flicker photometer, 253 

Rhomb, Htrner, 160 

RICHARDSON’s absorption photometer, 399 

RicuTMyer’s null method of photo-electric 

photometry, 330 
Ripeway’s colour system, 314 (47) 


curve 
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Rise of visual sensation following illumina- 
tion, 60 
Ritcutz’s photometer, 2 
—wedge (F. eran en diédre, or coin, or 
prisme, de R.; G. keilférmige 
Photometerschirm), 3 


| _, Errors of. 152 


Rocuon’s prism, 31 


_ Rods in human retina (F. bdtonnet ; G. 


Stdbchen), 50 


_ Roop’s flicker photometer, 251 
_ Roof photometer, WEBER’s (G. Dachphoto- 


meter), 3 


Room for photometry (see Photometry 


room). 

Rosa and CRITTENDEN on pentane lamp, 
128 

Rotating beam form of sector disc, 178 

Rotation, Effect of, on gas-filled lamps, 230 

(16) 

— of field of view in photometer, 238 

Rotator for m.h.c.p. measurements (F. 
dispositif de rotation ; G. Drehvorrich- 
tung), 202 

Rotatory polarisation of quartz, Use of, in 
photometry (F. polarisation rotatoire ; 
G. Zirkularpolarisation), 244 

RovssEav diagram (F. diagramme de R. , 

G. Rousseausche Kurve), 90 

— polar curve apparatus for are lamps, 200 

RUBENS and HaGEn’s method of measuring 
spectral reflection curves of polished 
surfaces, 383 ’ 

RiporrF mirrors for Bunsen head, 152 

RuMFORD’s photometer, 1 

Run's illumination photometer, 372 (14) 

RUSSELL angles, 93 

RUTHERFORD-BouR atom model, 39 

Ryay’s illumination photometer, 372 (14) 

RYDBERG constant, 40 


SAHULKA’s integrating photometer, 
(37) 

SaLomons’ photometer, 4 

Saturation of a colour, Definition of (G. 
Sdttigung), 467 

— — — —, Effect of intensity on, 309 

— — — — in monochromatic colorimetry, 

306 
, Sensitivity of eye to change 


232 


cf, 67 
Scale for photometer bench (F. échelle du 
banc photometrique; G. 
Photometerbankteilung), 148 

— — — —, Computation of ‘“‘ squared * or 

“ candle-power,’’ 187 (8) 

Scale of magnitudes for photographic stellar 
photometry (F. échelle des 
grandeurs ; G. Skala der 
Grosseklassen), 428 

— — — of stars, 424 

Scattering of light in eye media, 57 

—surface or medium, Definition of (F. 

surface, or milieux, dispersif ; G. zerstreu- 
ende Oberfldche, or Kérper), 465 
SCHWARTZCHILD’S law in photography, 333, 
338 (76) 
Sclera of eye (F' sclerotique ; G. Sehnenhaut, 
or Lederhaut, or Sklera), 48 


Lo 
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Sereen, Absorbing (see Colour filter, and 
Neural filter). 
—, Colour (see Colour filter). 
Screens in integrating sphere (F. écran ; G. 
Blende), 208, 213 
—_———~—, oe to absorption by, 


— — — —. Position of, 214, 228 

= a ansiucent,. 214 

Screen in photometer head, Error due to 
thickness of (F. écran photometrique ; G. 
Photometerschirm), 163 

Sercened source, Photometry of, 108 

Screening in polar curve msmts., 199 

—on photometer bench (F. protection 
contre lumiére étrangére, or vagabonde ; 
G. Abblenden fremden Lichtes), 170 


Searchlight beam, Definition of edge of, | 


423 (11) 
— —, Photometry of, 411, 416 
Secondary standard of light (see Sub- 
standard) (F. étalon secon- 


daire ; G. sekunddre Licht- 


normale). 

— — — —, Definition of, 466 

Sector disc, ABNEY’s (F. disque towrnant ; 
G. rotierender Sektor), 176 

— —, Broputn’s, 191 (68) 

— —, Calibration of, 179 

— —, Errors of, 177 

—  —, Hypz’s, 178 

— — in photometry, 176 

— —, Naport-ABNEyY form of, 176 

—, Rotating beam form of, 178 

Selective radiation, 38 

Selenium bridge (cell) as physical pho- 
tometer (F. pile de sélenium, 
or résistance au s. ; G. Selenzelle), 
322 

— — for photographic sensitometry, 393 


— — photometer, Prunpb’s conditions for, | 


324 

Self-levelling test surface for illumino- 
meters. 360 

Self-luminous surfaces for 
photometers, 374 (45) 

Sensation curves in colorimetry (F. courbe 
Wexcitation ; G. Hichwertskurve, or 
Valenzkurve), 299 

Sensibility (see Sensitivity). 

— curve of eye (see Luminosity of radia- 
tion). 


illumination 


Sensitivity curve of eye (Visibility curve) 
(see also Luminosity of radiation) 
(EF. Courbe de sensibilité; G. 
Empfindlichkeitskurve), 294. 
— — of photographic plates, 332 
— — of selenium bridge, 323 
— -— of thalofide bridge, 325 
Sensitometry, Photographic (F.  sensito- 
métrie ; G. Empfindlichkeitsmessung), 392 
Separation of photometer surfaces, Error 
due to (G. Scheidung), 3, 151, 155, 163 
Settling-in effect in visual photometry, 316 
Shades or reflectors, Photometry of polished 
(F. écran, or abat-jour, poli ; G, polierte 
Lampenschirm), 422 
SHarRep and Lirrin’s compensated test 
surface for illuminometers, 343 
SHarp-Miniar illumination photometer, 
348 


| — Integrating sphere, 219 


SHarp three-mirror rotator for m.s.c.p. 
measurements, 204 

SHELFORD BipWeELL’s form of selenium 
bridge, 322 

Shock tests for gas mantles and electric 
lamps (F. essai au choc ; G. Schlagversuch, 
or Schlagprobe), 455 


| Signal lights, Photometry of (EF, fanal ; 


G. Signalfeuer), 419 

— —. Visibility of, 68 

Sill ratio at an indoor point (see also Day- 

light factor), 365 

Stmmmancz-ABApDy flicker photometer, 251 

SmmMANCE pentane lamp, 5 

Smonorr’s photometer, 10 (11) 

Simultaneous contrast in heterochromatic 
photometry (F. contraste simul- 
tan€g ; G. Simultankontrast), 236 


| —-—Jin vision, 70 


Sensitivity of eye to brightness difference | 


with colour difference, 264 (5) 
——— to colour (F. sensibilité différen- 
tielle pour la couleur; G. Far- 
benunterscheidungsvermogen), 64: 
—.— — to contrast (F. sensibilité aw con- 
traste ; G. Unterschiedsempfind- 
lichkett), 52 
—-— —— £0 flicker, 62 
Se . Effect of size of field on, 
256, 259 . 

— — retina to light and colour, 56 
Sensitivity of visual photometry (see 
Accuracy). 
——-——reduced by mixed light on 

photometer surface, 152 
—_____ — —, Effect of field brightness on, 
185 


_ Simultaneous method of sphere photo- 


metry, 208 

Sine or cosine graph paper, 120 (20) 

Size of field, Effect of, in flicker photo- 

meter, 253, 259 
—— —, Proposed standard, for colori- 
metry, 314 (45) 

— — integrating sphere required for given 
measurement, 216, 228 

Sky, Instrument for measuring area of 

visible, 376 (74) 

— brightness, Measurement of, 366, 430 

Slide rule for colorimetric computation 
(F. régle a calcul; G. Rechenschieber), 
314 (48) 

Slit for spectrometer, Symmetrically open- 
ing form of (F. fente ; G. Spalt), 275 


| Slit-width, Effect of, on purity of spectrum 


(F, largeur du fente ; G. Spaltbreite), 275 
— correction in spectrophotometry, 287 
—yariation, Spectrophotometers based 
on, 278 
Socket, Lamp, for photometric work (I. 
douille ; G. Fassung), 438 
Solar constant (F. constante solaire; G. 
Solarkonstante), 34 
Solutions, Chemical, for heterochromatic 
photometry, 245 
—, —, to imitate sensitivity curve of eye, 
296 
—, Spectral transmission of, 387 
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Sources of light, Brightness, brightness 
temperature and colour tem- 
perature of (F. foyer lumineux. 
or source lumineuse ; G. Licht- 
quelle), 478 

— — —, Colour of, 480 

Spatial induction in vision (simultaneous 

contrast), 70 

Specific transmission factor (specific trans- 

missivity) of solute, 116 | 
Spectral distribution of light from black 
body, 472 
—-—-— lights having same colour, Rela- 
tion between, 314 (48) 

— —, Standard of, 269 

— lines, Measurement of relative intensities 
of, 333 

— —, Photographic intensity of, by micro- 

photometry, 396 

—vreflection curve, 
384 

— — and transmission curves, 293 (67) 


Determination of, 


— transmission curve, Determination of, 
387 

Spectrometer, 273 

—, BELLINGHAM and STANLEY’S, 285 

—, Conversion of, to a spectrophotometer, 

292 (44) - 

Spectrophotometer, BELLINGHAM and 
STANLEY’S (EF. spectrophotométre; G. 
Spektralphotometer), 284 

—, Bracr’s, 279 

—, Braczr-Lemon, 282 

—, BRopxHUN’s, 278 

—, CRrova’s, 282 

—., Differential, 279 

—, Karly forms of, 269 

—., Flicker, 286 

—, FRAUNHOFER’S, 269 

—, GLAN’s, 282 

—, GLAZEBROOK’S, 282 

—, GuILp’s, 280 

—, Hinasr’s, 282 

—, HUrner’s, 282 

—, Ivus’, 282 

—, Ké6nte-MarreEns’, 281 

—, K6NIGSBERGER’S, 282 

, LuMMER-Bropuun, 278 

, Martens’, 281 

, NarionaL Prysican LABORATORY, 280 

, Nurrine-Hingnr, 282 

, Polarisation forms of, 281 

, STANLEY-BELLINGHAM’S, 284 

, THOVERT’S, 291 (24) 

, VIERORDT’S, 269, 278 

, Wiup’s (H.), 282 

. Yvon’s, 292 (38) 

, ZENKER’S. 282 

Spectrophotometry, Absolute measure- 
ments in, 286 

—, Approximate, for colorimetry, 310 

—as ancillary to heterochromatic photo- 
metry, 239 

— hy colour filters, 288 

— by homogeneous radiations, 288 

— by photographic methods, 333 

— by slit-width variation, 278 

-—, Hrror due to polarisation by reflection 

in, 285 
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Spectrophotometry, Error due to polarisa- 
tion of incident light in, 286 
—, Method of procedure in, 286 
— of arcs, 288 
—— — Stars, 430 
Spectrum, Band and line, 41 
—, Limits of visible, 45 (4) 
—, Production of, by prism, 24 
Specular reflection factor, 110, 112, 381 
— — —, Definition of, 464 
Speed of flicker photometer, 256, 260 
Sphere, Integrating, as comparison source 
(F. sphére intégrante ; G. integrierende 
Kugel), 221 
Sphere photometer (see Integrating sphere, 
and Photometric Integrator) (G. 
Kugelphotometer). 
— — room in photometric laboratory, 448 
—, Radiation from, 122 (52) 
—— reflectometer (F: réflectométre sphérique ; 
G. kugelformiges Reflektometer), 378 . 
Spherical aberration (F. aberr. de sphéricité ; 
G. sphdrische Abweichung), 23 
— intensity (c.p.), Mean (see Mean spherical 
intensity). 
— reduction factor of luminous source (see 
Reduction factor). 
Spread reflection or transmission, 119 
Squared scale for photometer bench, 148, 
162 
SS . Computation of, 187 (8) 
Squirrel-cage filament, Radiation from (F. 
filament & cage décureuil ; G. zickzack- 
formiger Draht), 107 
Standard candle (F. bougie étalon; G. 
Normalkerze, or Standardkerze), 4 
— lamps, Mounting for. on photometer 
bench (F. lampe étalon ; G. Normal- 
lampe), 149 
— of light, Absolute (F. etalon de lumiére ; 
G. Einheitslichtquelle), 6 
. Acetylene, 5, 139 
. Benzine, 5 
. Black body, 132 
, Candle, 4 
. Carbon are, 131 
. CARCEL, 4 
—, Crova boiling zine, 14 (65) 
-, DRAPER platinum, 14 (65) 
, EDGERTON, 13 (49) 
. Flame, 4, 126 
-- Grroup, 5 
, Harner, 5, 129 
, Helium tube, 6 
, Keates, 12 (43) 
, LUMMER-KURLBAUM, 131 
, METHVEN, 5 
. Pentane, 5, 126 
, Requirements for a, 126 
—-— luminous flux for integrating photo- 
meters, 139, 200, 208, 222 
— — — intensity (see Standard of light). 
—-——mean spherical candle-power, 139, 
200, 222 
— — spectral distribution, 269 
-— — white for colorimetry, 313 (27) 
—surface for illumination photometers 
(see Test surface) (F. écran diffuseur ; 
x. Scheibe). 
— wave length, International. 45 (6) 
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STANLEY spectrometer and spectrophoto- 
meter (see BELLINGHAM and STANLEY). 
STARLING and THompson’s photometer, 3 


Steady comparison and flicker methods of — 


photometry compared (F. méthode 
Pegalité d’éclat ; G. Methode glei- 
cher Helligkeit), 262, 295 

— — method, Luminosity curve by, 295 

StEFAN-BoLTZMANN law, 34 

STEFAN’S constant of radiation, 35 

Stellar photometer, Grniuorr’s (F. ph. 


stellaire ; G. Sternphotometer), 425 — 


— —, Meridian, 425 
— —, PICKERING’S, 425 
—- —, PRITCHARD’s, 426 
— —, Wedge, 426 
— —, ZOLLNER’S, 424. 
—— photometry, Early methods of, 424 
Step-by-step method of heterochromatic 
photometry, 238 
SSS , Luminosity curve by, 295 
Steradian, Definition of, 120 (7) 
Stereoscopic photometer, PULFRICH’s, 184 
Stewart, BaLrour, 33 
Stilb (unit of brightness), 122 (45) 
Sroxss’ law for fluorescence, 41 ; 
Storage batteries for illumination photo- 
meters, Discharge curve of (F. accuwmula- 
teur, or pile secondaire ; G. Sekundérele- 
ment), 357 ‘ 
Stray light in photometry, Avoidance of 
(FE. lumiére vagabonde ; G. 
fremdes Licht), 170, 437 
— — — spectrophotometry, 277 
Street illumination, Method of measuring 
(F. élairage des rues; G. Strassen- 
beleuchtung), 361 
— photometer. Harrison’s (G. Strassen- 
photometer), 352 
Strength, Tests for mechanical, of gas 
mantles or electric lamps, 455 
Stufenphotometer, PuLFRicH’s, 192 (90) 
Sub-standard lamps, Care of, in photo- 
metric laboratory (F. ¢dalon 
secondaire, or de service ; Gi 
Gebrauchsnormallampe), 446 
—_ —, Constancy of, 447 
— — for candle-power measurement, 137 
— — — flux measurement, 139, 208, 222 
———— = , preparation of, 200, 204, 222 
— —, Measurement of, 169 
Substitution method of bench photometry 
(F. méthode de double pesée. or 
a substitution, or a remplace- 
ment ; G. Substitutionsmethode), 
161 
—— — sphere photometry, 207 
Successive contrast in vision (F. contraste 
successif ; G. Sukzessifkontrast), 70 
Suxzer and Broca on rise of visual sensa- 
tion, 60 
SUMPNER’S integrating sphere, 205 
Sun, Measurement of brightness of, 430 
Supply of power to photometric laboratory, 
435 
Surface brightness (see Brightness). 
Surround, Use of bright, for increasing 
photometric accuracy (I. champ environ- 
nant ; G. Umgebung), 185, 259 
Swan cube, 188 (28) 
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Symbols of photometric quantities, 460 - 

Symmetrically opening slit for spectro- 
meter (EF. fente symetrique ; G. bilaterale 
Spalt), 275 


Takatsu and TANAKA on pentane lamp, 
128 
TauBor’s bands, 26 
— law, 58 
— — applied to visual photometry, 176 
—-—not obeyed by photographic plate, 
333 : 


— — obeyed by photo-electric cell, 330 
TALBOT-PLATHAU law (see TALBOT’S law). 
TANAKA and TAKATSU on pentane lamp, 
128 - 
Tayior (A. H.) on diffuse reflectometer, 378 
Taytor’s (A. K.) relative photometer, 368 
Telephotometer (F. téléphctométre; G. 
Telephotometer), 398 
Temperature, Effect of, on coloured chemi- 
cal solutions, 248 


—. — —, — flame sources, 190 (54) 

—, — —. — pentane lamp, 129 

—, — —, — photo-electric cells, 331 
—,——.-—transmission of coloured 


glasses, 265 (31) 

—, Measurement of, 133 

— of common light sources, 478 

—, True, “colour,” and black body (or 
brightness), 270 

Temperature scale, KrtvyIn or absolute, 
144 (34) 

Template for weighting spectrum in 
accordance with its luminosity factor 
(F. diaphragme ; G. Blende), 321 

Temporal induction in vision (successive 
contrast), 70 

Testing colour 
observers, 263 

Test lamp, Definition of (F'. lampe en essai ; 

G. zu messende Lampe), 466 
— surface for Ulumination photometer (F. 
écran diffuseur ; G. 
Scheibe), 342 


vision of photometric 


Pe ae , Compensated, 343 


. Self-levelling, 360 


_ Thalofide bridge (cell), 325 


— — for photographic densitometry, 393 
Theory of BunsEN photometer head, 153 
— of flicker, Ives and KinGsBuRy’s, 63 
— of flicker photometer, 257 
— of vision, 71 
Thermo-electricity, 319 
Thermo-junction (F. élément, or couple, 
thermo-électrique ; G. Thermosdule, or 
thermoelektrische Sdule), 319 
Thermo-luminescence, 33 
CThermometry at high temperatures, 133 
Thermopile, 42, 319 
— and colour filter as physical photometer, 
320 
— — visibility template as physical photo- 
meter, 321 
- for microphotometry, 396 
~, Linear, 319 
Thickness, Effect of, on colour of light 
transmitted through medium, 117 
— of photometer screen, Correction for, 163 
= =) ——, Error due to, 163 
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Tuompson’s polarising prism, 29 
THOMPSON-STARLING photometer, 3 
THORNER’S illumination tester, 368 
THOVERT’S spectrophotometer, 291 (24) 
Threshold of vision for colour (F. sewil de 
Veil;  G. Ddadmmerungs- 
wert des Lichtes), 67 
— — — — light, 56, 67 
Tilting photometer head, Error due to (see 
Cosine error) (F. inclinaison ; 
G. Neigung). 
— — — for polar curve measurements, 195 
Tilting frame for polar curve measure- 
ments, 195 
—mirror for polar curve measurement 
(F. miroir teurnant; G. drehbares 
Spiegel), 196 
— screen type of illumination photometers, 
350 
“Tintometer,’’ LovrBonp’s, 314 (47) 
TOPLER’s form of BUNSEN disc, 154 
Total radiation pyrometers (F. pyrométre a 
radiation ; G. Strahlungspyrometer), 
133 
— radiator (see Black body). 
— reflection (F. réflexion totale ; G. Total- 
reflexion), 20 
Transformation from one system of colori- 
metry to another, 307 
— of primaries in trichromatic colorimetry. 
299 
Translucency of paper, Measurement of (F. 
translucidité ; G. Durchscheinen), 406 
42 
Pease screens for photometric inte- 
grators (F. translucide ; G. durch- 
scheinend), 214 
Transmission, Diffuse (see Diffuse trans- 
mission). 
— of coloured glasses, Effect of tempera- 
ture on, 265 (31) 
— curves, Spectral, 293 (67) 
—factor, Definition of (F. facteur de 
transm. ; G. Durchldssigkeits-ver- 
mogen), 463 
— —, Effect of colour of light on, 248 
— —, Measurement of, 386 
— — of common substances, 476 
—— —a body, 116 
— — — glass, 117 
— — — plate or pile of plates, 117 
— — — prism, 118 
— — — solute, Specific, 116 
— — — substance, 116 
— — translucent substances, 116 
Transmissivity of solute, Specific, 116 
— — substance, 116 
Transmissometer, Sphere, 390 
Transmitting test surface for illumination 
photometers (I. écran par transmission ; 
G. durchscheinender Schirm), 343 
Transportable photometer benches (EF. ph. 
transportable ; G. tragbares Phot.), 171 
TREZISE’S illumination photometer, 
(14) 

Triangle, Maxwett colour (F. triangle de 
couleurs de M. ; G. Farbendreieck), 303 
Trichromatic colorimeter (IF. colorimeétre de 
trois radiations ; G. trichromatisches 

Kolorimeter), 304 
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INDEX : 


Trichromatic colour data for common 
light sources, 480 

Trichromatic m of colorimetry, 298 

— theory of colour vision, 71 


_ Trovrer on pentane lamp, 128 


— daylight attachment for illumination 
photometers, 366 
-— gloss tester, 382 


_ — illumination photometer, 350 


— “luxometer,” 351 
— photometer, 3 
Tuck’s illumination photometer, 373 (14) 
Tungsten, Emission from (F. tungsténe ; G. 
Wolfram), 38 
— filament lamp as standard of spectral 
distribution (F. lampe a fil. de 
t. ; G. Wolframdrahtlampe), 269, 
272 
—-—-as standard or sub-standard of 
candle-power, 137 
Turbidimetry (F. néphélémétrie ; G. 
Nephelometrie, or Messung des Tritbungs- 
grades), 385 
Twist of photometer head, Error due to (F. 
obliquité ; G. schiefe Richtung), 164 
TYNDALL beam, Measurement of (Nephelo- 
metry, Tyndallimetry), 385 


Uxsricut sphere (see also Integrating 
sphere, Photometric Integrator), 206 
Ultra-violet light, Frequency of, 18 
Unidirectional illumination, Definition of 
(F. éclairement unidirigé), 465 
Unit of candle-power (F. unité Cintensité 
lumineuse ; G. Lichteinheit), 6, 86, 130, 
136 
Unsteadiness in electric Jamps, 441 
Unsteady sources, Polar curve determina- 
tion for (F. variable ; G. verander- 
lich, or schwankend), 200 
— — , Spectrophotometry of, 288 
Utilisation factor of illumination system 
(F. coefficient or facteur 
@utilisation; G. Aus- 
niitzungsgrad) 363 
——— — — . Definition of, 466 


VALENTINER and MECKLENBURG’S nephelo- 
meter, 385 
Jalve amplification of photo-electric cur- 
rent (F. ampl. au moyen dune lampe a 
trots électrodes ; G. Verstdérkung durch 
Rohren), 331 
Variable absorbing filter (screen), 179 
— sources, Photometry of, 184 
— —, Polar curve determination for, 200 
- , Spectrophotometry of, 288 
— stars, Photo-electric photometry of, 430 
Variation factor of illumination system (F. 
facteur de variation ; 
G. Ungleichmédssigkeits- 
faktor), 363 


| —-— — — —, Definition of 466 


— range of illumination system (F. latitude, 
or champ, de variation ; 
G. Ungleichmdssigkeits - 
umfang), 363 
-— —- — —, Definition of, 466 


INDEX 


ee: paint for photometric integrators, 


Veiling glare, 58 
Velocity of light (F. vitesse ; 
geschwindigkeit\, 16 
—-—-— the same for all frequencies in 
vacuo, 45 (12) 
Ventilation of photometric integrator (F. 
ee or ventilation ; G. Liiftung), 
Pri room for photometry of flame sources, 
Vereinskerze, 5 
VERNON Harcourt pentane lamp, 5, 126 
Vertical candle-power distribution, Deter- 
mination of, 194 
— distribution curve, Definition of, 466 
VIERORDT spectrophotometer, 260, 278 
Viewing surface for illumination photo- 
meters (see Test surface). 
VILLARCEAU (see Yvon, P.). 
VIOLLE acetylene standard, 14 (60) 
— platinum standard, 130 
Visibility, Measurement of atmospheric 
(F. visibilité ; G. Sichtbarkeit), 119 
— of point sources of light, 68 
— of radiation, 63 
— curve of radiation (see also Luminosity 
curve), 294 
— factor (see also Luminosity of radiation) 
(F. facteur de v. ; G. Sichtbarkeits- 
faktor). 
— —, Definition of, 464 
— —, Table of, 471 
— solution, 296, 320 
— template for physical photometry, 321 
Visible spectrum, Limits of, 45 (4) 
Vision, Theories of (G. Sehen, or Gesicht- 
simn), 71 
Visual acuity (F. acwité visuelle ; G. 
Sehscharfe), 52, 54, 75 (6) 
— — for extra-foveal retina, 58 
— —, Photometer based on, 236, 352 
— diffusivity, 63 
— photometry, Factors affecting accuracy 
of, 315 
— purple (F. pourpre retinien ; G. Sehpur- 
pur), 51, 73 
— sensation, Rise of, after illumination of 
retina, 60 
Vitreous humour (F. corps, 
vitré ; G. Glaskérper), 49 
Voltage (see also Potential) (F. voltage, or 
tension ; G Spannung). ; 
— and candle-power relationship for electric 
lamps, 481 
— -current curve for photo-electric cell, 329 
—regulator, Automatic (F. régulateur de 


G. Licht- 


or humeur, 


tension;  G. Spannungsregler), 
44] 

——for life testing of electric lamps, 
453 


— variations, Method of compensating for 
(F. fluctuation de tension ; G. Spannungs- 
schwankung), 441 

Voltmeter, Connection of, in photometer 
lamp circuit (G. Spannungsmesser), 442 

yon HprneR-ALTENECK (see HEFNER). 

yon Krins theory of vision, 72 
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WatLpRam’s diagram for daylight calcula- 
tion, 370 
WANNER pyrometer, 134 
Wave-length, Method of measuring (F. 
longueur d’onde ; G. Wellenldnge), 26 
Wave-number, Definition of, 18 
Wave theory of light (F. théorie des ondula- 
tions ; G. Wellentheorie), 16. 
WEBER’S Dachphotometer, 3 
— photometer, 172, 175 
— — as illumination photometer, 345 
— Raumwinkelmesser, 376 (74) 
— relative photometer, 368 
WEBER-F'ECHNER law, 52 
Wedge Neutral, in photometry (F. coin 
neutre ; G. farbloser Keil, or Graukeil), 
179 
— photometer, PrrrcHaRD’s (F. ph. a coin 
neutre ; G. Keilphotometer), 426 
WHEATSTONE’S photometer, 78 (47) 
White light, Standard of, 313 (27) 
Whiteness of paint, Test for, 218 
Wautrman flicker photometer, 251 
Width of slit in spectrophotometry (see 
Slit-width). 
WIEN’s displacement law for radiation, 35 
— formula as approximation to PLANcK’s, 
144 (46) 
Wien-PLANCK radiation formula, 37 
Wiw.w’s (H.), polarisation photometer, 4 
— spectrophotometer, 282 
Wip’s (L.) flicker photometer, 251 
Window for integrating sphere (F. fenétre ; 
G. Messfenster), 209 
— efficiency of indoor point, 365 
WinGeEn’s illumination photometer, 352 
WOLLASTON prism, 30 
— — used for photometry, 173 
Working plane for illumination measure- 
ments, 360 
— standard of light (see Sub-standard, and 
Comparison Lamp) (G. 
Arbeitsnormale). 
— — — —~ Definition of, 466 
WRratTTEN photometric filters, 243 
Waicut, ALEXANDER, photometer bench. 
148 
Wysauw’s compensation 
photometer, 237 


or mixture 


Y-are as standard of light, 131 

Yellow spot (macula lutea) of retina (F. tache 
jaune ; G. gelber Fleck), 51 

Yellow-spot effect, 66 

— —, Reversal of, in flicker photometer, 
254 

Youna-Hetmunoutz theory of vision, 71 

Yvon’s (G.) flicker photometer, 268 (87) 

— spectrophotometer, 292 (38) 

| Yvon’s (P.) photometer, 11 (20) 


Zenith attachment for illumination photo- 
meters, 366 

ZENKER’S spectrophotometer, 282 

Zine, Boiling, as standard of light, 14 (65) 

ZOLLNER’S photometer, 4 

| — stellar photometer, 424 

| Zonal intensity (c.p.), Mean (see Mean zonal 

| intensity). 
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